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REPORT 

Broad  Area  Non-planar  Laser  Arrays 

We  have  developed1 '3-7-12  a  new  broad  area  laser  array  structure.  The 
maximum  output  power  for  a  laser  array  before  catastrophic  optical  damage 
occurs  is  determined  primarily  by  the  effective  aperture  width  which  is  normally 
limited  to  a  value  less  than  the  cavity  length,  unless  lateral  lasing  and  amplified 
spontaneous  emission  processes  are  suppressed.  In  order  to  fabricate  diodes 
with  a  width  greater  than  the  laser  cavity  length,  thereby  allowing  higher  total 
output  powers  to  be  obtained,  it  is  necessary  to  provide  some  structural  change 
to  inhibit  lateral  lasing.  Previously  reported  methods  of  inhibiting  lateral  lasing 
and  amplified  spontaneous  emission  require  extra  processing  steps  in  addition 
to  the  processing  required  to  form  the  actual  array  elements,  and  also  result  in  a 
portion  of  the  array  width  which  does  not  contribute  to  the  laser  output.  We  have 
obtained  high-power  operation  of  a  simple  non-planar  index-guided  quantum 
well  heterostructure  periodic  laser  array  structure  in  which  lateral  lasing  is 
prevented  in  a  manner  that  still  allows  for  uniform  and  continuous  front  facet 
light  emission.  Growth  over  a  corrugated  substrate  is  utilized  for  index-guiding 
and  definition  of  the  individual  elements,  and  the  resulting  non-planar  active 
region  structure  effectively  suppresses  lateral  lasing  and  amplified  spontaneous 
emission  for  the  entire  array.  No  additional  processing  steps  after  growth,  such 
as  proton  bombardment,  chemical  etching,  diffusion,  epitaxial  regrowth,  or 
insulator  deposition,  which  may  result  in  accelerated  degradation  due  to  the 
introduction  of  material  defects,  are  required. 

Lasers  formed  by  Impurity  Induced  Disordering 

We  have  furthered  our  studies  of  using  ion  implantation  to  form  window 
lasers  and  distributed  window  lasers  by  impurity  induced  disordering  (IID).  As  a 
consequence  of  the  critical  role  which  the  implantation  mask  plays  in  selective 
IID,  particular  attention  has  been  paid  to  developing  techniques  necessary  to 
produce  a  reliable,  high  voltage,  high  dose  mask.  One  technique  which  we 
developed9  incorporates  an  AIGaAs  lift-off  layer  between  a  metal  mask  and  the 
sample.  Following  patterning  of  the  metal  layer  by  conventional  techniques  and 
implantation,  the  AIGaAs  layer  is  selectively  etched  to  remove  the  metal  mask 
without  damage  to  the  underlying  epitaxial  structure.  Alternatively,  for  low  dose 
or  low  temperature  implantations,  a  thick  photoresist  mask  over  a  thin  dielectric 
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(Si02  or  Si3N4)  lift-off  layer  may  be  utilized  since  the  photoresist  is  able  to 
withstand  the  implantation.  We  have  characterized4  the  compositional 
disordering  and  compensation  effects  of  MeV  oxygen  implantation.  Under 
specific  conditions  a  single  oxygen  implantation  with  subsequent  annealing  is 
able  to  form  a  semi-insulating  region  as  well  as  induce  compositional  disorder 
in  AlAs-GaAs  layers  1.25  jim  beneath  the  sample  surface. 

We  have  applied8  this  technology  to  graded  barrier  quantum  well  hetero¬ 
structure  lasers.  For  wider  stripe  lasers  (w  >  25  pm),  the  presence  of  current 
confinement  is  apparent  in  threshold  current  measurement.  Layer  disordering 
has  been  verified  by  electron  microscopy.  As  the  stripe  width  is  decreased, 
however,  laser  threshold  currents  reach  a  minimum  and  then  begin  to  turn  up. 
There  are  at  least  two  possible  reasons  for  this.  The  first  is  that  the  relatively 
long  oxygen  tail  introduces  distributed  optical  absorption  to  some  distance  into 
the  active  region.  This  would  certainly  become  more  critical  as  the  device  width 
is  narrowed  and  possibly  preclude  this  choice  of  species  for  IID  buried 
heterostructure  lasers.  The  second  reason  is  that  masking  for  MeV  implantation 
is  especially  critical  and  increases  in  threshold  current  may  result  from  residual 
implantation  through  the  mask. 

Non-planar  Window  Lasers 

We  have  successfully  developed6  a  new  broad  area  as  well  as  narrow 
stripe  window  laser  structure.  A  nonabsorbing  window  region  is  formed  in  the 
vicinity  of  the  mirror  facets  by  utilizing  a  selectively  etched  substrate  and  the 
advantageous  property  of  uniform  MOCVD  growth  on  nonplanar  substrates. 
Approximately  fifty  percent  more  optical  power  is  available  from  the  nonplanar 
devices  than  from  conventional  planar  devices.  Since  the  window  region  is  a 
consequence  of  the  nonplanar  substrate,  the  type  of  laser  structure  grown  is  not 
restricted  nor  are  sophisticated  fabrication  techniques  or  multiple  growth  steps 
required  as  in  previously  reported  window  lasers. 

In  collaboration  with  others  at  the  University  of  Illinois,  we  have 
investigated16  the  disordering  characteristics  of  GaAs-AIAs  superlattices  during 
ion  irradiation  (750  KeV  Kr+,  1016  cm'2  dose)  at  various  temperatures.  Using 
Rutherford  backscattering  spectrometry  and  secondary  ion  mass  spectrometry, 
it  was  found  that  after  low  temperature  implants  (235K,  175K  and  135K)  the 
superlattice  was  completely  disordered  whereas  following  high  temperature 
implants  (300K,  400K  and  550K)  there  is  partial  retention  of  the  superlattice 
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layers.  These  results  indicate  that  by  selecting  the  appropriate  implantation 
temperature,  ion  implantation  may  be  conducted  while  minimizing  or  enhancing 
compositional  disorder.  The  results  also  have  special  significance  for  under¬ 
standing  the  phase  diagram  of  GaAs-AIAs  superlattices  at  low  temperatures. 
These  superlattices,  as  well  as  others  comprised  of  lll-V  compounds,  are 
typically  grown  at  temperatures  where  interdiffusion  is  negligible. 
Consequently,  the  phase  diagrams  for  these  systems  at  the  growth  temper¬ 
atures  are  not  well  understood  since  the  systems  are  not  in  equilibrium.  Using 
ion  irraaiation  to  enhance  lew  temperature  diffusion  processes,  the  phase 
diagram  can  be  obtained.  Our  results  provide  evidence  for  a  miscibility  gap  in 
the  GaAs-AIAs  phase  diagram  for  temperatures  at  least  as  high  as  550K. 

Strained  Layer  InGaAs  Lasers 

We  have  addressed  various  issues  concerning  the  growth  and 
characterization  of  strained  layer  InGaAs-GaAs  heterostructure  lasers  by 
MOCVD.  The  first  issue10  is  the  use  of  the  metal  alkyl  ethyldimethylindium 
(EdMIn)  as  a  precursor  for  the  growth  of  indium  compounds.  The  more 
commonly  used  In-alkyls  have  been  associated  with  various  problems  such  as 
low  vapor  pressure  and  undesirable  parasitic  reactions  from  liquid 
triethylindium  (TEIn)  and  time  varying  vapor  pressure  from  solid  trimethylindium 
(TMIn).  EdMIn  has  been  suggested  as  an  alternative  being  a  liquid  and  having 
a  reasonable  vapor  pressure.  It  has  been  suggested  however  that  it  is  not  a 
stable  compound  and  will  evolve  into  its  constituent  simple  alkyls.  Our  results 
show  it  is  useful  for  laser  devices  and  is  stable  over  time. 

We  have  characterized11'13'14  a  series  of  strained  layer  laser  devices 
having  a  fixed  separate  confinement  quantum  well  structure  and  varying  In¬ 
composition  (0.08  -  0.42)  in  the  well.  We  reported  results  of  time-zero  charac¬ 
terization  of  strained-layer  lnxGai-xAs-GaAs  quantum  well  hete restructure  laser 
diodes  with  70-A-thick  wells  and  indium  mole  fractions  between  0.08  and  0.42. 
The  emission  wavelengths  ranged  from  0.9  pm  to  1.08  pm  and  agreed  well  with 
calculated  values.  A  minimum  in  threshold  current  density  is  observed  for 
devices  having  an  indium  fraction  of  ~  0.25  in  the  wells,  and  devices  with  well 
compositions  in  the  range  -0.16  <  x  <~0.30  all  operated  with  low  threshold 
current  densities.  The  data  support  two  design  criteria  for  low  threshold 
operation  of  strained-layer  InGaAs-GaAs  quantum  well  lasers:  (1)  The  electrons 
should  be  confined  by  at  least  -75  meV  in  the  conduction  band,  and  (2)  the 
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strained-iayer  active  region  thickness  should  not  greatly  exceed  the  critical 
thickness  for  a  sandwiched  layer  as  given  by  the  mechanical  equilibrium  model 
of  Matthews  and  Blakeslee. 

In-phase  Laser  Arrays 

We  have  obtained18  high  power,  in-phase  locked  operation  of  a  wide 
aperture  array  in  which  the  lateral  lasing  and  amplified  spontaneous  emission 
(ASE),  characteristic  of  wide  aperture  arrays,  are  suppressed  by  a  nonplanar 
active  region.  Phase  locked  laser  arrays  have  great  potential  as  sources  for 
pumping  of  Nd:YAG  and  long  distance  communication  as  a  result  of  the  high 
power  available  and  the  stabilized  far-field  patterns.  For  phased-locked  arrays, 
a  characteristic  double  lobed  far-field  pattern  is  generally  observed  indicating 
that  the  device  is  operating  in  the  highest  order  array  mode  with  a  180°  phase 
shift  between  elements.  However,  by  introducing  sufficient  gain  between  the 
elements  the  device  will  operate  in  the  lowest  order  array  mode  with  a  0°  phase 
shift  between  elements  and  with  a  single  lobed  far-field.  The  laser  device 
structure  utilized  for  this  study  is  similar  to  nonplanar  periodic  laser  arrays 
reported  previously.  The  structure  is  a  AIGaAs-GaAs  graded  barrier  quantum 
well  heterostructure  with  a  50  A  quantum  well  grown  by  metalorganic  chemical 
vapor  deposition  (MOCVD).  The  first  step  in  forming  the  array  is  wet  chemical 
etching  cf  a  periodic  pattern  of  shallow  mesa  stripes  into  the  substrate  (4  pm 
stripe  width,  8  pm  center-to-center  spacing,  and  0.3  pm  mesa  height).  Following 
etching,  the  devices  are  completed  by  MOCVD  growth  of  the  laser  structure, 
and  contact  metalization.  No  further  processing  is  required. 

The  MOCVD  growth  on  a  corrugated  substrate  forms  a  nonplanar  active 
region,  which  serves  to  define  the  individual  emitters,  to  provide  a  step  in  the 
effective  index  of  refraction  for  stable  mode  operation,  and  to  suppress  lateral 
lasing  and  ASE  for  high  power  operation.  The  average  threshold  current 
density  of  these  devices  is  264  A/cm2  and  the  external  efficiency  is  33  %.  Output 
power  of  400  mW  has  been  measured.  The  far-field  pattern  of  the  device 
consists  of  a  dominant  central  lobe  at  0°  and  satellite  lobes  with  angular 
separations  of  5. 8-6.0°.  The  full  width  at  half-maximum  of  the  central  lobe  is 
2.2°.  The  dominant  central  lobe  centered  at  0°  indicates  that  the  emitters  are 
largely  operating  in-phase.  Fundamental  supermode  operation  is  observed 
from  just  above  threshold  to  more  than  three  times  threshold  (400  mW).  Also 
over  this  range  of  currents,  the  peak  height  ratio  between  the  central  and 
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satellite  peaks  remains  constant  and  the  peaks  do  not  widen  nor  change  their 
angular  separation.  Nonplanar  periodic  laser  arrays  with  deep  mesas  (0.6  urn) 
do  not  operate  as  phase  locked  arrays  as  a  consequence  of  a  highly 
nonuniform  current  distribution.  However,  shallow  mesas  allow  a  more  uniform 
current  distribution  and  thus  in-phase  locked  operation  is  observed  for  the 
shallow  mesa  devices. 

Antiguided  Phase  Locked  Arrays 

Most  work  to  date  on  semiconductor  laser  arrays  for  high  power 
operation  has  focussed  on  the  evanescent  coupling  of  closely  spaced  positive- 
index  waveguide  elements,  where  the  optical  field  is  mostly  confined  to  the 
regions  of  the  individual  elements,  either  by  gain-guiding  or  a  real  index  step.  In 
order  to  achieve  phase-locked  operation  in  the  fundamental  in-phase 
supermode,  arrays  of  closely  spaced  index  depressions  (anti-guides)  have 
been  studied  in  the  AIGaAs/GaAs  materials  system.  For  these  arrays,  the 
antiguides  were  formed  by  a  two-growth  process,  resulting  in  real  index  steps  in 
the  lateral  direction.  Oxide-defined-stripe  gain-guided  strained-layer  InGaAs- 
GaAs  lasers  have  recently  been  shown19  to  be  antiguided  for  narrow  stripe 
widths  due  to  the  relatively  large  depression  in  the  real  index  caused  by 
injected  carriers  under  the  stripe.  We  have  made  use  of  this  antiguiding 
behavior  to  form17  multiple-element  oxide-defined-stripe  phase-locked  high 
power  (>  450  mW/uncoated  facet)  InGaAs-GaAs  long  wavelength  (X  >  0.95  pm) 
strained  layer  quantum  well  heterostructure  diode  arrays  operating  in  the  in- 
phase  fundamental  array  mode. 
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Data  are  piesented  on  nonplanar  index-guided  quantum  well  heterostructure  periodic  laser 
arrays  grown  by  metalorgamc  chemical  vapor  deposition  (MOCVD).  The  nonplanar  array 
structure,  formed  by  a  single  MOCVD  growth  over  a  selectively  etched  corrugated  substrate, 
not  only  provides  index  guiding  for  the  individual  array  elements,  but  also  suppresses  lateral 
lasing  and  amplified  spontaneous  emission  for  the  entire  array.  As  a  result,  the  entire  width  of 
the  device  is  utilized  for  optical  emission,  and  no  additional  processing  steps  are  required. 

Devices  tested  exhibit  uniform  emission  and  show  no  signs  of  lateral  lasing  or  amplified 
spontaneous  emission  for  array  widths  up  to  3.3  times  the  cavity  length.  The  processing 
required  for  device  fabrication  is  therefore  minimized  by  taking  advantage  of  the  properties  of 
MOCVD  growth  over  nonplanar  substrates. 


Multiple  stripe  laser  arrays  have  proven  to  be  a  most 
promising  source  of  high-power  emission  from  semiconduc¬ 
tor  materials  which  are  suitable  for  such  applications  as 
pumping  solid-state  neodymium:  yttrium  aluminum  garnet 
lasers. '  The  maximum  total  optical  power  obtainable  from  a 
semiconductor  laser  or  laser  array  is  generally  limited2  by 
catastrophic  optical  degradation  (COD)  of  the  laser  facets 
which  occurs  at  a  given  facet  output  power  density.  Increas¬ 
ing  the  effective  width  of  the  emitting  facet  by  distributing 
the  laser  emission  over  a  number  of  elements  in  an  array 
decreases  the  power  density,  thereby  raising  the  total  output 
power  at  COD.  In  most  laser  structures,  the  aperture  width 
can  only  be  increased  to  a  value  on  the  order  of  the  cavity 
length  (  ~400/im),  at  which  point  lateral  lasing  and  ampli¬ 
fied  spontaneous  emission  mechanisms  become  large  with 
respect  to  the  desired  front  facet  emission.  Lateral  lasing  and 
amplified  spontaneous  emission  can  be  inhibited  by  isolating 
suitably  narrow  active  regions  of  the  array  either  by  defining 
unpumped  absorbing  regions'  or  by  etching  deep  grooves 
through  the  laser  structure4'5  at  periodic  intervals  However, 
these  solutions  result  in  a  fraction  of  the  array  width  not 
being  utilized  for  optical  output  and  require  additional  pro¬ 
cessing  steps. 

In  this  letter,  we  report  the  growth  and  fabrication  of  a 
simple  nonplanar  index-guided  quantum  well  heterostruc¬ 
ture  periodic  laser  array  structure  in  which  lateral  lasing  is 
prevented  in  a  manner  that  still  allows  for  uniform  and  con¬ 
tinuous  front  facet  light  emission.  Growth  over  a  periodical¬ 
ly  p"tterned  substrate"'  is  utilized  to  provide  an  index-guid¬ 
ed  structure  and  to  define  the  individual  elements  of  the 
array.  In  addition,  the  resulting  nonplanar  structure  of  the 
array  itself  serves  to  inhibit  lateral  lasing,  in  contrast  to  pre¬ 
viously  utilized  methods  which  require  additional  fabrica¬ 
tion  steps  The  array  is  formed  simply  by  etching  a  corrugat¬ 
ed  stripe  pattern  into  the  substrate  surface,  growth  of  the 
laser  structure  by  metalorgamc  chemical  vapor  deposition 
(  MOCVD  1.  and  contact  metallization.  No  further  process¬ 
ing  steps,  such  as  proton  bombardment,  chemical  etching, 
diffusion,  epitaxial  regrowth,  or  insulator  deposition,  which 


may  result  in  accelerated  degradation  due  to  the  introduc¬ 
tion  of  material  defects,  are  required.  Data  are  presented  on 
the  light-current  characteristics  for  both  front  facet  emission 
and  side  emission  from  devices  having  a  total  laser  width 
exceeding  the  cavity  length.  These  data  show  clearly  the  sup¬ 
pression  of  lateral  lasing  in  these  structures. 

GaAs:Si  wafers  (100)  were  prepared  for  epitaxial 
growth  by  photolithographically  delineating  a  periodic  ar¬ 
ray  of  narrow  (  =  4.0  jam)  stripes  with  8.0  /im  center-to- 
center  spacings  across  the  entire  substrate  surface.  Wet 
chemical  etching  of  the  exposed  surfaces  in  a  1:8:80 
H-SOjiHjOyH-O  solution  to  the  appropriate  depth  (  =0.5 
pim)  left  the  substrate  patterned  with  a  periodic  array  of 
narrow  mesas  and  grooves.  Stripes  were  aligned  parallel  to 
the  (110)  direction  such  that  the  inclined  sidewalls  of  the 
mesas  consisted  primarily  of  exposed  (  1  1  1  ),4  planes.  Fol¬ 
lowing  etching,  the  substrates  were  cleaned  in  solvents  and 
HC1  prior  to  deposition  of  the  laser  structure.  Epitaxial 
growth  was  performed  at  a  temperature  of  800  °C  and  a 
growth  rate  of  =3.0  /zm/h  in  an  atmospheric-pressure 
MOCVD  reactor  described  previously.8  The  basic  structure 
utilized  in  this  study  was  an  Al,Ga,  _ ,  As/GaAs  graded 
barrier  quantum  well  heterostructure  (GBQWH)  laser910 
which  consists  of  a  0.25  /im  GaAs  buffer  layer 
(n=  lx  10,x ) ,  a  0.5  pi  m  linearly  graded  Al,  Ga,  _  ,  As  buff¬ 
er  layer  (0.0s,^s,0.85,  n=lxl0"<),  a  1.0  pi  m 

Al085  Gaol5As  confining  layer  (n  =  1x10"*).  a  1200  A 
parabolically  graded  AItGa,_,As  layer  (0.85>x:>0.20. 
n  =  5  x  10lh),  a  50  A  GaAs  single  quantum  well  (undoped), 
a  1200  A  parabolically  graded  Al,Ga,  As  layer 
(0.20t,.r!i0.85.p  =  1  X  10|7),a  1.0/zm  Al0  85  Gao  ,5  As  con¬ 
fining  layer  {p  =  2  X  !0‘H ),  and  a0.2  pim  GaAs  contact  layer 
( p  =  3x  1019).  Growth  rates  perpendicular  to  the  ( 100) 
and  (111)1  planes  are  approximately  equal  such  that 
successive  opilayers  were  deposited  uniformly  over  the  non¬ 
planar  growth  surface.  These  nearly  equal  growth  rates  re¬ 
sulted  in  an  effective  widening  of  the  stripe  geometry  mesas 
and  narrowing  of  the  adjacent  grooves  as  the  total  epitaxial 
layer  thickness  increased,  although  the  corrugated  contour 
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of  the  growth  surface  remained  essentially  unchanged.  The 
structure  is  illustrated  in  Fig.  1,  which  shows  a  schematic 
cross  section  and  a  scanning  electron  micrograph  of  a  por¬ 
tion  of  the  laser  array.  The  growth  illustrated  in  Fig.  1  can  be 
contrasted  with  growth  by  molecular  beam  epitaxy  ( MBE) 
over  similarly  patterned  substrates,  which  is  highly  preferen¬ 
tial  along  particular  growth  planes  and  can  result  in  over¬ 
grown  epilayer  contours  which  differ  significantly  from  the 
profile  of  the  original  growth  surface. h' 1 '  Device  wafers  were 
mechanically  thinned  and  polished  to  ~  125  /im,  a  Ge/Au 
contact  was  evaporated  and  alloyed  on  the  n  side,  and  a  non- 
alloyed  Ti/Pt/ Au  contact  was  evaporated  on  the  p  side.  The 
samples  were  then  cleaved  into  bars  of  various  lengths  which 
were  diced  into  individual  diode  arrays  of  various  widths. 
The  facets  of  the  devices  utilized  in  this  study  were  left  un¬ 
coated.  No  further  processing  or  photolithographical  steps 
were  required  to  either  define  current  injection  or  to  prohibit 
amplified  spontaneous  emission  or  lateral  lasing  action.  De¬ 
vices  were  tested  under  pulsed  conditions  (1.5  /us  pulse 
width/2.0  kHz  repetition  rate)  up  to  an  injected  current  of 
2.0  A.  Light  output  power  versus  current  curves  were  gener¬ 
ated  in  order  to  determine /th  and  differential  quantum  effi¬ 
ciencies.  Single-ended  output  powers  were  measured  using  a 
calibrated  silicon  photodiode.  The  light  output  from  the 
sawn  edges  was  also  measured  for  comparison. 

Figure  2  shows  a  photograph  of  the  video  image  of  a 
section  of  an  array  illustrating  laser  emission  across  a  large 
portion  of  the  facet.  Note  that  the  light  output  is  extremely 
uniform  across  the  array  of  emitters  which  are  spaced  by  8.0 
gm  center  to  center.  High-resolution  near-field  images  indi¬ 
cate  that  each  spot  of  Fig.  2  is  actually  two  spots  originating 
from  individual  emitters.  The  individual  emission  spots  are 
located  at  both  edges  of  each  mesa  at  the  transitions  from 
( 100)  to  ( 1 1 1  )A  planar  structure  and  are  spaced  by  1.5  ^im. 
Far-field  patterns  in  the  junction  plane  show  singie-lobed 
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FIG.  I  Schematic  diagram  and  scanning  electron  micrograph  of  ihe  peri¬ 
odic  nonplanar  laser  array  grown  by  MOCVD  on  a  corrugated  etched  sub¬ 
strate  The  micrograph  illustrates  that  the  epilavers  inherit  the  contours  t.f 
the  etched  substrate,  resulting  in  a  nonplanar  active  layer  profile  which  ef¬ 
fectively  suppress^"  lateral  lasing  and  amplified  spontaneous  emission 
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FIG  2  Photograph  of  the  video  image  of  a  large  portion  of  an  array  fabri¬ 
cated  by  growth  over  a  corrugated  etched  substrate  Note  that  Ihe  emission 
is  extremely  uniform  across  the  width  of  the  array  and  that  the  enure  facet 
contributes  to  the  optical  output. 

operation  with  a  wide  full  width  at  half-maximum  angle  of 
18°,  indicating  that  the  elements  are  not  phase  locked.  The 
light  output  power  versus  current  curve  of  Fig.  3  shows  the 
output  from  both  an  uncoated  facet  and  a  sawn  edge  of  a 
typical  laser  array  with  a  cavity  length  or  508  pm  and  a  width 
of  700  jim.  The  threshold  current  density  was  150  A/cm2  for 
this  cavity  length,  with  a  differential  quantum  efficiency  of 
20%  per  uncoated  facet.  These  results  are  comparable  to  1 50 
/im  broad-area  lasers  having  the  same  structure  but  grown 
on  planar  substrates.  There  was  no  observed  decrease  in  effi¬ 
ciency  or  increase  in  threshold  current  density  as  the  width 
was  varied  from  0.5  X  /  to  3.3  X  /,  where  /  is  the  cavity  length. 
The  measured  light  intensity  from  the  cleaved  front  facets  at 
2.0  A  was  typically  about  1 5  times  the  intensity  of  light  from 
the  sawn  edges,  independent  of  device  width.  In  addition, 
measured  side  emission  spectra  possessed  a  modal  structure 
identical  to  that  of  the  front  facet  emission  spectra,  indicat¬ 
ing  that  the  detected  side  emission  was  primarily  stimulated 
emission  from  the  front  facet  which  had  been  scattered  into 
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FIG  3  Light  output  power  vs  current  characteristics  from  an  uncoated 
front  facet  and  a  sawn  edge  from  a  periodic  array  with  a  width  of  700  ;im 
and  a  cavity  length  of  508  /im  The  output  power  from  the  front  facet  is 
more  than  15  limes  Ihe  output  power  from  ihe  side  even  though  ihe  device 
width  exceeds  the  device  length,  indicating  the  effective  suppression  of  lat¬ 
eral  lasing  and  amplified  spontaneous  emission. 

ZmudZ'nski  et  .H  351 


the  detector  as  a  result  of  our  experimental  setup.  Therefore, 
the  ratio  of  front  facet  emission  intensity  to  side  emission 
intensity  is  actually  greater  than  that  indicated  by  the  L  I 
curve  of  Fig.  3.  These  data  clearly  indicate  that  this  simple 
array  structure  effectively  suppresses  amplified  spontaneous 
emission  and  lateral  lasing. 

In  summary,  simple  nonplanar  index  guided  quantum 
well  heterostructure  periodic  laser  array  structures  grown 
by  MOCVD  on  corrugated  etched  substrates  have  been  fab¬ 
ricated  and  tested.  These  devices  show  no  signs  of  lateral 
lasing  or  amplified  spontaneous  emission  at  array  widths  up 
to  3.3  times  the  cavity  length.  Discrimination  against  lateral 
lasing  is  provided  solely  by  the  nonplanar  structure  of  the 
active  region,  which  is  realized  by  epitaxial  growth  on  a  se¬ 
lectively  etched  substrate  patterned  with  a  periodic  array  of 
mesa  stripes.  No  additional  processing  steps,  which  may 
contribute  to  accelerated  degradation,  are  required  to  inhibit 
lateral  lasing  and  amplified  spontaneous  emission.  These  de¬ 
vices  show  promise  for  use  in  high-power  applications  where 
minimal  processing  is  desirable. 
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Data  are  presented  on  high-power  strained-layer  InGaAs  quantum  well  heterostructure  laser 
arrays.  These  devices  are  periodic  nonplanar  arrays,  formed  by  a  single  metalorganic  chemical 
vapor  deposition  growth  over  a  selectively  etched  corrugated  GaAs  substrate.  The  corrugation 
serves  to  provide  both  stripe  definition  and  index  guiding  while  suppressing  lateral  lasing 
perpendicular  to  the  stripes.  Maximum  pulsed  optical  powers  of  2.5  W/facet  (width  =  1600 
pm.  length  =  440 pm)  for  an  emission  wavelength  of  1.03  gm  have  been  obtained  from 
uncoated  devices  having  threshold  current  densities  in  the  range  290-600  A/cm:.  Far-field 
radiation  patterns  indicate  that  the  arrays  are  phase  locked. 


Strained-layer  InGr.As  quantum  well  heterostructure 
laser  diodes'-1  show  promise  as  an  alternative  to  lattice- 
matched  long-wavelength  material  structures.  Multiple- 
stripe  laser  diode  arrays,  as  high-power  devices,  have  been 
shown  to  be  practical  for  optically  pumping  solid-state 
Nd:YAG  lasers/  The  maximum  output  power  of  these 
structures,  however,  is  limited  by  catastrophic  optical  degra¬ 
dation  (COD)  of  the  laser  facets/  An  effective  way  to  in¬ 
crease  the  maximum  output  power  at  COD  is  to  increase  the 
effective  width  of  the  lase'  facets  by  distributing  the  laser 
emission  over  many  elements  in  a  large-width  array.  The 
suppression  of  lateral  lasing,  which  is  a  problem  for  struc¬ 
tures  having  widths  greater  than  the  cavity  length,  can  be 
achieved  by  defining  absorptive  regions7  or  by  etching 
grooves  between  lasing  stripes/'1  This  letter  describes  the 
fabrication  and  operation  of  a  low-threshold  high-power 
nonplanar  index-guided  InGaAs  strained-layer  quantum 
well  heterostructure  periodic  laser  array  operating  at  a 
wavelength  greater  than  1  /am.  This  structure10  "  was  real¬ 
ized  by  a  one-step  metalorganic  chemical  vapor  deposition 
( MOCVD)  growth  over  a  corrugated  GaAs  substrate.  The 
corrugation  etched  in  the  GaAs  substrate  results  in  a  non¬ 
planar  active  region  which  provides  index  guiding  and  sup¬ 
presses  lateral  lasing  in  devices  having  a  width  greater  than 
the  cavity  length.  Other  than  the  formation  of  ohmic  con¬ 
tacts  to  the  array,  no  further  processing,  such  as  oxide  mask¬ 
ing,  is  required.  Data  are  presented  on  the  light  emission 
characteristics  as  well  as  near-  and  far-field  intensity  pat¬ 
terns.  Pulsed  optical  powers  of  2.5  W/facet  (width  =  1600 
gm,  length  =  440  /am)  for  an  emission  wavelength  of  1.03 
gm  have  been  obtained  from  uncoated  devices  having 
threshold  current  densities  of  less  than  300A/cm;.  Far-field 
radiation  patterns  indicate  the  arrays  are  phase  locked. 

GaAs:n  (silicon  doped)  wafers  (100)  were  patterned  by 
conventional  photolithography  with  a  periodic  array  of  4 
pm  stripes  aligned  along  the  ( 1 10)  direction  and  having  a 
center-to-center  spacing  of  8  pm.  Wet  chemical  etching 
( H,S04:H-0  H,0)  yielded  etched  grooves  approximately 
0.5  ,um  in  depth  The  epitaxial  layers  were  grown i:  in  an 
atmospheric-pressure  metalorganic  chemical  vapor  depo¬ 


sition  (MOCVD)  reactor  using  trimethylgallium, 
trimethylaluminum,  trimethylindium,  and  arsine.  The  laser 
structure  consists  of  a  0.25-//m-thick  GaAs  buffer  layer 
(«  =  1  x  10IX),  1.25-/xm-thick  AlTGa,  _  t  As  confining  lay¬ 
ers  (x  =  0.20,  n  =  1  X  10'",  p  =  1  X  I0IK),  the  quantum  well 
heterostructure  active  region  described  below,  and  a  0.2-pm- 
thick  GaAs  cap  layer  (p  =  5x  10'g).  The  quantum  well  het¬ 
erostructure  active  region  is  shown  schematically  in  Fig. 
1(a)  and  consists  of  a  single  120-A-thick  In,,, 5 Gao-} As 
strained-layer  quantum  well  centered  between  1000-A-thick 
GaAs  layers.  The  thickness  of  the  quantum  well  was  adjust¬ 
ed  to  be  less  than  the  critical  thickness'-1  for  this  composi¬ 
tion.  The  emission  wavelengths  for  these  devices  are  A  —  1 .03 
pm.  The  growth  rates  perpendicular  to  the  (100)  and  the 
dll)  directions,  determined  from  scanning  electron  micro¬ 
scope  measurements,  are  not  equal,  with  the  growth  being 
greater  on  the  (111)  planes.  This  results  in  the  final  struc¬ 
ture,  shown  drawn  to  scale  in  Fig.  1  ( b ) .  with  the  mesa  of  the 


i  500  A  At0  2pGa0  aoAs 


—  - 1  GaAs 

1 20  A 

(a) 

\7 —  == - \7 


- \ _ / - X _ / 

I —  H  2  pm 

(b) 

FIG.  1  Scale  schematic  diagrams  of  (a)  the  InGaAs  strained-layer  quan¬ 
tum  well  heterostruclure  active  region  and  lb)  the  cross  section  of  the  peri¬ 
odic  nonplanar  laser  array  grown  by  MOCVD  on  a  corrugated  etched 
GaAs  substrate 
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active  region  being  ~5/zm  in  width.  After  growth,  the  wa¬ 
fers  were  mechanically  thinned  and  polished  to  a  thickness 
of  125  /im  and  n-type  contacts  were  formed  by  evaporating 
250  A  Ge/2000  A  Au  on  the  bottom  surface  and  alloying  at  a 
temperature  of  400  'C  for  15  s.  Nonalioyed  p-type  contacts 
of  300  A  Ti/500  A  Pt/2000  A  Au  were  formed  on  the  top 
surface.  No  further  processing  such  as  oxide  defined  stripes 
of  facet  coatings  was  implemented.  The  wafers  were  then 
cleaved  into  bars  of  various  lengths  and  widths  and  wire 
bonded.  Pulsed  near-  and  far-field  characteristics  were  mea¬ 
sured  using  1.5  /zs  pulses  at  a  2  kHz  repetition  rate.  Single- 
ended  optical  output  powers  were  measured  with  both  cali¬ 
brated  silicon  and  germanium  photodiodes  using  a  400  ns 
pulse  width  and  1  kHz  repetition  rate. 

Threshold  current  densities  for  these  broad-area 
InGaAs  strained-layer  quantum  well  heterostructure  peri¬ 
odic  laser  arrays  ranged  between  290  and  600  A/cnr,  de¬ 
pending  on  the  length  of  the  laser  cavity.  Shown  in  Fig.  2  is 
the  light-current  characteristic  for  a  typical  uncoated  laser 
array  having  a  cavity  length  of  440  /zm  and  a  width  of  1 600 
/rm  and  a  threshold  density  of  560  A/cm:.  The  maximum 
output  power  observed  from  a  measurement  source  limited 
to  40  A  was  2.5  W  per  uncoated  facet.  Side  emission  mea¬ 
sured  for  these  structures  consisted  primarily  of  scattered 
stimulated  emission  from  the  front  facet.  There  is  no  evi¬ 
dence  of  significant  lateral  lasing  or  amplified  spontaneous 
emission. 

Shown  in  Fig.  3  are  near-  and  far-field  emission  patterns 
for  an  array  having  a  cavity  length  of  457  /z m  and  a  width  of 
590  /tm  (/,h  =519  A/cm’).  Each  of  the  lobes  in  the  near¬ 
field  emission  pattern  corresponds  to  single-lobed  emission 
from  a  single  array  element,  and  emission  from  adjacent  ele¬ 
ments  appears  to  be  coupled.  This  is  in  contrast  to  similar 
Alc  gjGag  ,5  As-GaAs  broad-area  graded  barrier  quantum 
well  heterostructure  periodic  laser  arrays  {A  =0.82  /zm) 


FIG  2.  Light-currenl  characteristic  from  one  facet  of  an  InGaAs  strained- 
layer  quantum  well  heterostructure  periodic  laser  array  having  a  width  of 
1600  ^m  and  a  cavity  length  of  440  /am  The  current  source  limited  maxi¬ 
mum  output  power  observed  foi  these  laser  arrays  is  2  5  W  per  uncoated 
facet 


InGaAs  Corrugated  Substrate 
Periodic  Laser  Array 
I  =  457  (im  w  =  590  nm 


FIG  3  Near-field  intensity  pattern  for  two  adjacent  elements  and  the  far- 
field  radiation  pattern  for  an  InGaAs  strained-layer  quan'um  well  hetero¬ 
structure  periodic  laser  array.  Note  the  two  main  lobes  (full  width  at  half¬ 
maximum  1.5’)  and  the  two  satellite  lobes,  each  separated  by  7  I6‘. 


having  stronger  lateral  index  guiding  which  show"  a  dou- 
ble-lobed  near-field  pattern  at  each  mesa  and  are  not  phase 
locked.  These  near-field  emission  patterns  are  stable  up  to  at 
least  three  times  threshold.  The  far-field  radiation  pattern  of 
Fig.  3  shows  the  presence  of  two  main  lobes  ( each  having  a 
full  width  at  half-maximum  of  1.5®)  as  well  as  two  satellite 
lobes.  Each  lobe  is  separated  from  adjacent  lobes  by  7. 16',  in 
good  agreement  with  9  =  2  sin  -  1  (A  /Id)  =  7.38°  predicted 
by  diffraction  theory, 14  where  d  is  the  separation  between 
array  elements.  These  far-field  patterns  clearly  indicate  that 
the  array  elements  are  phase  locked  near  the  180°  out-of- 
phase  mode  across  the  entire  array. 

In  summary,  we  have  fabricated  and  tested  the  first 
high-power  phase-locked  In,_,Ga,As  (a  =0.75)  mdex- 
guided  strained-layer  quantum  well  heterostructure  period¬ 
ic  laser  arrays  grown  by  MOCVD.  Operating  with  an  emis¬ 
sion  wavelength  of  1.03  /zm,  the  devices  have  an  observed 
maximum  pulsed  power  output  of  2.5  W  per  facet  and  show 
strong  suppression  of  lateral  lasing  provided  by  the  non- 
planar  structure  of  the  device.  Far-field  data  indicate  phase- 
locked  operation  of  the  array,  while  near-field  measure¬ 
ments  show  coupling  between  adjacent  elements  and  stable 
mode  operation  up  to  three  times  threshold. 
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High-power  nonplanar  quantum  well  heterostructure  periodic  laser  arrays 
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Optical  pulsed  powers  of  8  W  from  a  single  uncoated  facet  and  low  (  <  200  A/crrr  )  threshold 
current  densities  have  been  obtained  from  3. 1-mm-wide  (cavity  length  =  483  // m  )  nonplanar 
periodic  quantum  well  heterostructure  laser  diode  arrays  grown  by  metalorganic  chemical 
vapor  deposition  over  a  selectively  etched  corrugated  substrate.  The  resulting  nonplanar  lateral 
active  layer  profile  provides  index  guiding  and  suppresses  lateral  lasing  regardless  of  device 
width. 


Multiple  stripe  semiconductor  laser  diode  arrays  are  a 
very  promising  source  of  high-power  emission,  suitable  for 
such  applications  as  pumping  ^olid-state  Nd:YAG  lasers.' 
The  maximum  output  power  before  catastrophic  optical 
damage:  occurs  is  determined  primarily  by  the  effective  ap¬ 
erture  width,  which  is  normally  limited  to  a  value  less  than 
the  cavity  length  unless  lateral  lasing  and  amplified  sponta¬ 
neous  emission  processes  are  suppressed.  In  order  to  fabri¬ 
cate  diodes  having  a  width  greater  than  the  laser  cavity 
length,  thereby  allowing  higher  total  output  powers  to  be 
obtained,  it  is  necessary  to  provide  some  type  of  structural 
change  to  inhibit  lateral  lasing.  Previously  reported  meth¬ 
ods  of  inhibiting  lateral  lasing  and  amplified  spontaneous 
emission  require  extra  processing  steps  in  addition  to  the 
processing  required  to  form  the  actual  array  elements,  and 
also  result  in  a  portion  of  the  array  width  which  does  not 
contribute  to  the  laser  output.  In  this  letter,  we  report  high- 
power  operation  of  a  simple  nonplanar  index-guided  quan¬ 
tum  well  heterostructure  periodic  laser  array  structure  in 
which  lateral  lasing  is  prevented  in  a  manner  that  still  allows 
for  uniform  and  continuous  front  facet  light  emission. 
Growth  over  a  corrugated  substrate”  is  utilized  for  index 
guiding  and  definition  of  the  individual  elements,  and  the 
resulting  nonplanar  active  region  structure  effectively  sup¬ 
presses  lateral  lasing  and  amplified  spontaneous  emission  for 
the  entire  array."  No  additional  processing  steps  after 
growth,  such  as  proton  bombardment,  chemical  etching,  dif¬ 
fusion.  epitaxial  regrowth,  or  insulator  deposition,  which 
may  result  in  accelerated  degradation  due  to  the  introduc¬ 
tion  of  material  defects,  are  required.  Data  are  presented  on 
the  high-power  light-current  characteristics  and  optical 
near-held  measurements  for  uncoated  laser  bars  with  an  ap¬ 
erture  width  of  up  to  3. 1  mm.  showing  output  powers  of  8  W 
per  uncoated  facet  for  periodic  laser  arrays  with  threshold 
current  densities  of  120-240  A /cm 

I’rior  to  epitaxial  growth,  a  periodic  array  of  narrow 
mesa  stripes  was  defined  over  the  surface  of  a  i  100)  GaAsu 
i  Si-doped )  substrate  using  standard  photolithographic  and 
wet  chemical  etching  techniques.  The  AI.Ga,  ,  As/GaAs 
graded  barrier  quantum  well  heterostructure 
(GBQVVH)1"1  laser  structure  utilized  in  this  study  was 
grown  m  an  atmospheric  pressure  metalorganic  chemical 
vapor  deposition  (  MOCVD)  reactor"  at  a  temperature  of 


800  °C  High  composition  (.t  =  0.85)  Al.Ga,  ,  As  confin¬ 
ing  layers  surround  the  GBQWH  active  layer,  which  con¬ 
sists  of  a  50  A  GaAs  single  quantum  well  ( k  -  8250  A )  cen¬ 
tered  in  a  2450  A  parabolically  graded  Al.Ga,  ,  As  layer 
(0.20  a.t  .0.85).  Successive  epilavers  were  deposited  uni¬ 
formly  over  the  nonplanar  growth  surface  such  that  the  cor¬ 
rugated  contour  of  the  growth  surface  remained  essentially 
unchanged,  as  illustrated  in  Fig.  1,  which  shows  a  schematic 
cross  section  and  a  scanning  electron  micrograph  of  a  por¬ 
tion  of  the  laser  array.  Device  wafers  were  mechanically 
thinned  and  polished,  metallized,  cleaved  into  bars  of  var¬ 
ious  lengths,  and  diced  into  individual  diode  arrays  of  var¬ 
ious  widths.  The  facets  of  the  devices  utilized  in  this  study 
were  left  uncoated.  No  further  processing  or  photolithogra¬ 
phic  steps  were  required  either  to  define  current  injection  or 
to  suppress  lateral  lasing.  The  devices  were  mounted  p  side 
down  in  indium  solder  on  Cu  blocks  with  multiple  wire 
bonds  to  contact  the  n  side  of  the  device  and  were  tested 
under  pulsed  operation  (400  ns.  1  kHz). 


^ - 4 -  V-  3..^.- 


FIG  I  Schematic  diagram  and  scanning  electron  micrograph  of  ihe  peri- 
.hIic  nonplanar  laser  array  grown  by  MOCVD  on  a  corrugated  etched  sub¬ 
strate.  The  MOCVD  growth  over  the  nonplanar  substiate  results  m  a  nori- 
planar  active  region  which  suppresses  lateral  lasing,  allowing  serv  wide 
laser  bars 
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Figure  2  shows  the  near-field  optical  intensity  pattern 
from  two  adjacent  elements  of  a  high-power  GBQWH  peri¬ 
odic  laser  array  at  twice  threshold.  Note  that  two  lasing 
spots,  spaced  by  1.5  /im.  are  located  in  each  mesa,  one  near 
each  edge.  No  lasing  action  occurs  in  the  grooves.  The  ob¬ 
served  near-field  pattern  is  uniformly  distributed  over  the 
entire  array  width  and  is  stable  over  a  wide  range  of  drive 
currents,  retaining  its  shape  from  threshold  to  at  least  16 
times  threshold.  Other  devices,  with  wider  mesas  than  the 
device  of  Fig.  2  but  having  the  same  periodicity,  also  exhibit 
two  spots  in  each  mesa,  spaced  accordingly  farther  apart. 
The  GBQWH  periodic  laser  array  structure  is  essentially  a 
periodic  variation  of  the  channel  guide  structure’  which  has 
been  modeled  by  Yang  et  al.'z  A  comparison  of  the  experi¬ 
mental  data  with  the  model i:  suggests  that  two  tndex-guided 
waveguides  are  formed  in  each  mesa,  one  at  each  edge,  each 
lasing  on  the  fundamental  mode.  This  is  likely  since  a  single- 
peak  fundamental  mode  of  the  waveguide  structure  is  never 
observed,  even  though  that  mode  is  expected  to  have  the 
lowest  threshold  gain.,:  The  corresponding  far-field  pattern 
in  the  plane  of  the  junction  is  single  lobed.  with  a  relatively 
wide  full  width  half-maximum  angle  of  1 8°.  indicating  that, 
while  it  is  possible  that  the  individual  emitter  pairs  are  phase 
locked  with  each  other,  adjacent  pairs  spaced  by  8  /itti  are 
not  phase  locked. 

For  a  given  cavity  length,  the  threshold  current  density 
is  essentially  independent  of  device  width,  as  illustrated  by 
the  curves  of  Fig.  3  which  show  the  measured  threshold  cur¬ 
rent  density  for  lasers  of  two  different  lengths  as  a  function  of 
stripe  width.  The  threshold  current  density  ranges  from  120 
to  240  A/'enr.  depending  on  the  cavity  length.  As  expected, 
the  lasers  w'ith  a  shorter  cavity  length  have  a  higher  thresh¬ 
old  current  density,  as  a  result  of  the  increased  mirror  loss 
for  shorter  lasers.  Conventional  semiconductor  lasers  will 
not  operate  when  the  width  exceeds  the  cavity  length,  since 
lateral  cavity  modes  would  compete  with  the  desired  longi¬ 
tudinal  cavity  modes.  In  addition,  the  threshold  current  den- 
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H<  i  I  Near-held  intensity  pattern  of  two  adjacent  dements  of  the  non- 
plan.  tr  array  indicating  (wo  closely  spaced  emission  spots  per  dement 
These  data  suggest  that  two  waveguides  are  formed  on  each  mesa,  one  near 
each  edge,  and  each  waveguide  operates  on  the  fundamental  mode. 
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FIG  3  Measured  threshold  current  density  as  a  function  of  device  width 
for  lasers  of  two  different  cavity  lengths  t  330  and  508  //m  )  The  threshold 
current  density  does  not  increase  with  device  width,  indicating  the  non- 
planar active  region  effectively  suppresses  lateral  lasing  and  amplified  spon¬ 
taneous  emission 


sity  for  a  conventional  laser  wopld  be  expected  to  increase  as 
the  width  approaches  the  length  as  the  lateral  modes  become 
dominant.  However,  the  nonplanar  structure  of  the  active 
layer  of  the  periodic  arrays  described  here  effectively  spoils 
the  lateral  cavity  by  introducing  periodic  disruption  along 
the  lateral  path  length  between  the  sawn  sides  of  the  laser 
Thus,  the  threshold  current  density  does  not  change  with 
device  width,  even  if  the  width  exceeds  the  length  by  a  factor 
of  more  than  6,  as  shown  by  the  data  of  Fig.  4  This  figure 
shows  the  light  output  from  an  uncoated  facet  as  a  function 
of  current  for  a  diode  with  a  width  equal  to  6.4  times  the 
length  (/  =  483  //m.  w  =  3100  mn).  The  threshold  current 
density  is  170  A/cnv.  in  the  expected  range  of  threshold 
current  density  fbi  devices  with  this  length  (483  //m  ).  The 
maximum  observed  power  (  Fig.  4 )  of  8  W  per  facet  for  wide 
devices  is  limited  by  the  maximum  output  of  our  current 
pulser  (40  A)  and  not  by  device  degradation.  The  differen¬ 
tial  quantum  efficiency  was  not  observed  to  decrease  as  de¬ 
vice  width  increases,  indicating  again  that  this  structure  in¬ 
hibits  lateral  lasing  and  amplified  spontaneous  emission.  In 
principle,  output  powers  in  excess  of  100  V  per  facet  could 
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FIG  4  I  ight  current  characteristic  from  an  imcoated  facet  *fa  5  1  mm 
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be  expected  from  an  optimized  device,  having  reflection  and 
antireflection  coatings,  at  currents  in  excess  of  100  A.4  The 
low  threshold  current  density  of  these  GBQWH  periodic 
laser  array  structures  results  in  low  threshold  currents  of  2-3 
A  for  widths  up  to  3.1  mm.  This  is  considerably  lower  than 
the  values  reported4  5  for  multiple  quantum  well  structures 
which  utilized  etched  grooves  to  suppress  amplified  sponta¬ 
neous  emission  and  lateral  lasing. 

In  summary,  simple  nonplanar  index-guided  graded 
barrier  quantum  well  heterostructure  periodic  laser  array 
structures  grown  by  MOCVD  on  corrugated  etched  sub¬ 
strates  have  been  fabricated  and  tested.  Current-supply-lim¬ 
ited  output  powers  of  up  to  8  W  per  uncoated  facet  from  a 
3. 1-mm-wide  bar  (cavity  length  =  483 /tm)  and  low  thresh¬ 
old  current  densities  of  120-240  A/cm:  have  been  obtained 
for  pulsed  operation.  Near-field  data  suggest  that  two  index- 
guided  waveguides  are  formed  in  each  mesa,  one  at  each 
edge,  each  lasing  on  the  fundamental  mode.  Discrimination 
against  lateral  lasing  is  provided  solely  by  the  nonplanar 
structure  of  the  active  region,  and  no  increase  in  threshold 
current  density  or  decrease  in  efficiency  is  observed  for  lasers 
with  a  width  up  to  6.4  times  the  cavity  length.  No  additional 
processing  steps  are  required  to  inhibit  lateral  lasing  and 
amplified  spontaneous  emission.  This  structure  is  very  desir¬ 
able  because  of  the  simple  fabrication  processes  involved  and 
the  demonstrated  potential  for  hig'  -power  operation. 
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Compositional  Disordering  and  the  Formation  of 
Semi-insulating  Layers  in  AlAs-GaAs  Superlattices 
by  MeV  Oxygen  Implantation 
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Data  are  presented  demonstrating  the  use  of  MeV  oxygen  ion  implantation  and  sub¬ 
sequent  annealing  procedures  to  induce  compositional  disordering  and  to  create  a  semi- 
insulating  region  simultaneously  within  an  AlAs-GaAs  superlattice.  High  dose  oxygen 
implantation  yields  a  compositionally  disordered  region  3500A  wide  centered  1.25  pm 
below  the  surface  of  the  superlattice,  as  determined  by  secondary  ion  mass  spectrometry 
(SIMS)  analysis.  More  extensive  disordering  of  the  superlattice  occurs  at  lower  implan¬ 
tation  temperatures.  Current- voltage  measurements  indicate  the  formation  of  a  semi- 
insulating  layer  which  is  thermally  stable  to  at  least  850°  C.  The  semi-insulating  prop¬ 
erties  of  the  implanted  superlattice  are  assigned  to  the  disorder-enhanced  formation  of 
Al-0  pairs  and  the  substitutional  introduction  of  deep  level  states. 

Key  words:  Compositional  disordering,  oxygen  ion  implantation,  semi-insulating  layer, 
AlAs-GaAs  superlattice 


INTRODUCTION 

Impurity  induced  compositional  disordering  of  EH- 
V  compound  semiconductor  epitaxial  structures  ex¬ 
hibits  immense  potential  for  the  microfabrication  of 
unique  optical  and  electronic  devices.1"13  Composi¬ 
tional  disordering  of  thin  layer  AlAs-GaAs  super¬ 
lattices  <SLs)  has  most  commonly  been  induced  with 
the  electrically  active  impurities  Zn  and  Si  which 
are  introduced  into  the  crystal  by  either  diffusion 
or  ion  implantation.  For  many  applications,  how¬ 
ever,  the  incorporation  of  electrically  active  impur¬ 
ities  may  be  undesirable  and  recent  reports  indicate 
that  compositional  disordering  can  be  induced 
through  implantation  of  the  lattice  constituents  Ga, 
Al,  and  As,5"'1  or  other  elecuically  inactive  impur¬ 
ities.  such  as  Hr.  B,  and  F.°° 

Ion  implantation  has  also  been  utilized  in  the  for¬ 
mation  of  semi-insulating  regions  in  bulk  epitaxial 
layers  suitable  for  optoelectronic  device  applica¬ 
tions.14  Proton  bombardment,  the  most  widely  ap¬ 
plied  technique,  relies  on  the  formation  of  a  high 
density  of  defects  during  the  implantation  to  induce 
localized  compensation  of  GaAs  resulting  in  a  re¬ 
gion  of  nonconducting  material.  However,  high 
temperature  annealing  serves  to  repair  this  damage 
and,  therefore,  restore  the  GaAs  to  its  uncompen¬ 
sated  conducting  state.  Alternately,  Favennec  et  al ,lS 
have  demonstrated  that  implantation  of  high  doses 
of  oxygen  into  a-tvpe  GaAs  yields  highly  resistive 
material  which  is  thermally  stable  at  anneal  tem¬ 
peratures  up  to  900°  C.  Several  mechanisms  !5"30  have 
been  proposed  to  explain  the  compensation  effects 
in  oxygen  implanted  GaAs,  without  concensus. 
Nonetheless,  oxygen  implantation  has  been  used  in 
the  fabrication  of  such  electrical  and  optical  devices 
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as  laser  diodes,  field  effect  transistors,  heterostruc¬ 
ture  bipolar  transistors,  and  optical  waveguides.'1"34 

In  this  paper,  MeV  implantation  of  oxygen  into 
an  AlAs-GaAs  SL  is  shown  to  result  in  induced 
compositional  disordering  and  the  formation  of  a 
semi-insulating  layer  at  a  depth  of  -1.25  pm.  The 
degree  of  induced  disorder  was  examined  for  sev¬ 
eral  different  doses  (1015  cm"3,  10lb  cm"1,  and  101' 
cm"3)  and  for  two  different  implant  temperatures 
(room  temperature  and  250°  C).  It  has  been 
shown u  -5-*7  that  by  increasing  the  temperature  at 
which  the  implantation  occurs,  the  doping  effi¬ 
ciency  increases  and  the  net  damage  generated  de¬ 
creases.  Therefore  the  amount  of  damage  produced 
during  the  implantation  may  be  varied  to  an  extent 
independently  of  the  dose.  The  compositional  struc¬ 
ture  of  the  SL  was  studied  by  secondary  ion  mass 
spectroscopy  (SIMS)  for  the  as-grown,  implanted,  and 
annealed  cases.  Depth  profiles  indicate  no  detect¬ 
able  compositional  disordering  for  doses  below  1017 
cm"3  For  a  dose  of  10 17  cm'3,  partial  disordering  is 
evident  prior  to  annealing  for  both  the  room  tem¬ 
perature  and  250°  C  implanted  samples,  although  it 
is  more  extensive  in  the  room  temperature  im¬ 
planted  sample.  Following  annealing,  the  room 
temperature  implanted  sample  exhibits  enhanced 
disordering  resulting  in  complete  intermixing  of 
adjacent  layers  over  a  range  of  — 3500A.  In  con¬ 
trast,  annealing  of  the  250°  C  implanted  sample 
produces  no  further  disordering. 

The  electrical  properties  of  the  semi-insulating 
region  formed  during  the  implant  were  interred  from 
current-voltage  measurements  of  mesa  delineated 
p-n  diodes  fabricated  in  the  AlAs-GaAs  SL.  Follow¬ 
ing  implantation  <101,  cm'3  oxygen  dose,  unan¬ 
nealed).  substantial  increases  in  both  the  forward 
turn-on  and  reverse  break-down  voltages  of  the 
diodes  are  observed.  The  insulating  characteristics 
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of  the  implanted  samples  are  slightly  enhanced  fol¬ 
lowing  annealing.  These  data  indicate  the  forma¬ 
tion  of  both  a  thermally  stable  semi- insulating  layer 
and  a  compositionally  disordered  region  formed  in 
an  AlAs-GaAs  SL  by  high  energy  oxygen  ion  im¬ 
plantation  and  annealing. 


EXPERIMENT 

The  superlattice  structure  examined  in  this  study 
was  grown  by  atmospheric  pressure  metalorganic 
chemical  vapor  deposition28  (MOCVD)  at  a  temper¬ 
ature  of  800°  C  on  Si-doped  (100)  GaAs  substrates 
having  a  carrier  concentration  of  2  x  1018  cm'3.  The 
structure  consisted  of  a  0.25  /u.m  GaAs  undoped  buffer 
layer  underlying  an  50  period  undoped  SL,  each  pe¬ 
riod  consisting  of  200A  AlAs  and  200A  GaAs  yield¬ 
ing  a  total  SL  thickness  of  2  /am.  As  a  consequence 
of  the  high  growth  temperature,  the  average  back¬ 
ground  p-type  carrier  concentration  of  the  super¬ 
lattice  was  approximately  1018  cm'3.  Ion  implan¬ 
tation  was  performed  using  a  Van  de  GraafT 
accelerator  at  a  fixed  beam  energy  1 1  MeV),  current 
(120  nA),  and  sample  chamber  pressure  (6  x  10~8 
Torr)  with  the  beam  focused  into  a  3  mm  diameter 
spot.  The  dose  was  varied  between  1015  and  101,  cm'2 
The  large  amount  of  radiation  damage  for  these  high 
doses  prevents  any  significant  channeling29  of  the 
oxygen  ions.  During  implantation,  the  samples  were 
maintained  at  either  room  temperature  or  250°  C. 
Capless  anneals  of  the  implanted  samples  were  per¬ 
formed  in  the  MOCVD  reactor  under  arsine  over¬ 
pressure  at  850°  C  for  45  min.  The  depth  profiles  of 
160  and  27AJ  were  measured  with  a  Cameca  ims-3f 
SIMS  microanalyzer  using  Cs*  primary  ions.  The 
compositional  structure  of  the  SL  was  examined  by 
measuring  the  A1  profile,  as  opposed  to  that  of  Ga, 
because  the  negative  ion  sensitivity30  of  the  system 
is  greater  for  2,AJ  than  for  h9Ga.  P-type  contacts  <Cr/ 
Au)  were  made  to  the  surface  of  the  SL  and  alloyed 
rc-type  contacts  <AuGe)  were  made  to  the  substrate. 
Electrical  measurements  of  etched  circular  mesas 
with  200  Mm  diameter  contact  areas  were  made  us¬ 
ing  a  digitizing  semiconductor  parameter  analvzer 
(HP4145B). 


RESULTS  AND  DISCUSSION 

Compositional  Disordering 

The  SIMS  profiles  of  27Al  in  the  unimplanted  SL 
sample,  for  both  as-grown  and  annealed  '850°  C,  45 
min)  material,  are  shown  in  Fig.  1.  The  amplitude 
of  the  oscillations  of  the  A1  signal  do  not  decrease 
with  depth,  indicating  that  resolution  sufficient  to 
delineate  clearly  the  200A  layers  is  maintained 
throughout  the  2  Mm  of  the  SL.  Consistent  with 
previous  results,"  the  850°  C  anneal  was  insuffi¬ 
cient  to  induce  thermal  disordering  of  the  SL.  SIMS 
depth  profiles  of  A1  in  the  SL  samples  which  were 
implanted  at  room  temperature  with  doses  of  either 
10 15  or  10lfi  cm  '  show  no  evidence  of  any  disorder- 
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Fig.  1  —  71 A1  depth  profiles  by  SIMS  of  an  urumplanted.  as-grown 
and  then  annealed  <850° C,  45  mini  AlAs  <200A)-GaAs  1 200 A i 
SL. 

ing  of  the  SL  layers  for  these  doses  Similar  27 A1 
profiles  are  obtained  when  the  superlattices  were 
implanted  with  the  same  doses  at  a  temperature  of 
250°  C. 

For  the  highest  dose  studied  fl0l‘  cm  2),  the  27 A) 
profiles  of  the  SL  exhibit  clear  evidence  of  compo¬ 
sitional  disordering,  even  pnor  to  annealing,  for  both 
the  room  temperature  and  250°  C  implants.  3S  shown 
in  Figs.  2  and  3.  The  decrease  seen  in  the  27 A1  sig- 

AlAs-GaAs  SL 
oxygen  implanted,  30°C 
1  MeV,  I017crrr2 
not  annealed 


Depth(A) 

Fig.  2  —  '60  and  ’’ A1  depth  profiles  by  SIMS  for  an  unannealed 
AlAs  <200Ai-GaAs  '200A1  SL  implanted  with  1  MeV  oxygen  to 
a  dose  of  L0‘:  cm  ;  at  room  temperature  Partial  compositional 
disordering  13  evident  in  the  Al  signal  at  '-l  25  um  The  rpinon 
of  partial  disordering  is  not  aligned  with  the  hiehest  concentra¬ 
tion  of  oxygen. 
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Fig.  3  —  Depth  profi'es  of  "0  and  ;,A1  by  SIMS  for  an  unan¬ 
nealed  AlAs  '200Ai-GaAs  <200Ai  SL  implanted  with  1  MeV  ox¬ 
ygen  to  a  dose  of  10‘:  cm at  250s  C.  Partial  compositional  dis¬ 
ordering  is  evident  in  the  77  Al  signal  at  -1.25  jam.  The  region 
of  partial  disordering  is  not  aligned  with  the  highest  concentra¬ 
tion  of  oxygen. 


nal  oscillations  is  not  the  result  of  degradation  of 
the  SIMS  ’•esolunon  with  depth,  as  evidenced  by  the 
recovery  of  the  osculation  intensity  at  greater  depths. 
The  location  of  the  partially  disordered  region  does 
not  coincide  with  that  of  the  peak  oxygen  concen¬ 
tration.  but  is  slightly  removed  toward  the  surface 
of  the  epilaver  and  aligned  with  the  region  of  great¬ 
est  damage  as  determined  from  a  computer  simu¬ 
lation.  u  The  measured  degree  of  disorder  is  greater 
for  the  room  temperature  implanted  sample  than  for 
the  250°  C  implanted  sample,  consistent  with  the 
higher  levels  of  damage  induced  during  the  room 
temperature  implant,  The  oscillations  seen  in 

the  “’O  signal  are  an  artifact  of  the  matrix  effect 
associated  with  the  SIMS  technique  in  which  the 
lsO  sensitivity  is  increased  in  the  AlAs  layers.  The 
projected  range  of  the  implanted  oxygen  ions  is 
observed  to  be  1.3  am.  consistent  with  data  re¬ 
ported  for  similar  1  MeV  oxygen  implants  into 
GaAs. 

No  disordering  was  observed  in  SIMS  depth  pro¬ 
files  of  the  SL  implanted  at  either  room  tempera¬ 
ture  or  250s  C,  at  a  dose  of  10lh  cm’’,  and  annealed 
at  850°  C  for  45  min.  Profiles  of  samples  implanted 
with  a  dose  of  10'  cm"  at  both  room  temperature 
and  250°  C  and  similarly  annealed  are  shown  in  Figs. 
4  and  5.  For  the  sample  implanted  at  250s  C.  the 
partial  disorder  present  prior  to  annealing  is  seen 
to  remain  essentially  unchanged  following  anneal¬ 
ing  The  profiles  of  Fig.  4  for  the  101'  cm  "  sample 
implanted  at  room  temperature,  however,  cleariv 
show  that  the  850''  C  annealing  results  in  further 
disordering  of  the  SL  to  the  point  of  complete  m- 


AlAs-GaAs  SL 
oxygen  implanted,  30°C 
1  MeV  1017  cm'2 
annealed,  850°C  45  min. 
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Fig.  4  —  ;sO  and  -7A1  depth  profile?  by  SIMS  for  an  AlAs  1 200.4)- 
GaAs  <200A)  SL  implanted  with  MeV  oxygen  to  a  dose  of  10 17 
cm at  room  temperature  and  annealed  at  850°  C  for  45  min.  A 
region  -3500A  of  complete  disordering  is  observed  at  -1.25  um. 

termixing  of  the  GaAs  and  AlAs  layers  over  a  re¬ 
gion  3500A  in  width  No  redistribution  of  the  oxy¬ 
gen  profile  is  observed  in  the  SL.  in  contrast  to  the 
redistribution  reported  54  following  annealing  (900°  C, 
20  min)  of  bulk  GaAs  implanted  with  oxygen  at  1 
MeV  The  cause  of  the  small  rise  in  the  Al  signal 
within  the  disordered  region  is  not  yet  clearly 

AlAs-GaAs  SL 
oxygen  implanted,  250°C 
1  MeV  10l7cm'2 
annealed,  850°C  45  min. 


Depth(A) 

Fig  5  —  SIMS  depth  profiles  of  "O  and  "Al  depth  profiles  of 
an  AlAs  '200A)-GaAs  'JOOAt  SL  implanted  with  1  MeV  oxveen 
to  a  dose  of  IO'  cm  '  Jt  250°  <  ’  and  annealed  at  '50°  ('  lor  4.5 
min  Partial  compositional  disordering  ’S  evident  in  the  ’Al  sig¬ 
nal  profile 
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understood.  This  rise  tracks  the  peak  of  the  oxygen 
concentration  and,  therefore,  may  be  due  to  an  in¬ 
crease  in  A1  sensitivity  as  a  consequence  of  the  high 
oxygen  concentration  and  the  mixed  matrix. 

In  summary,  for  doses  of  10lb  cm'"  or  less  no  dis¬ 
ordering  is  observed  in  either  the  as-implanted  or 
the  annealed  samples.  Partial  disorder  is  seen  prior 
to  annealing  in  the  1017  cm"2  implanted  samples  for 
both  implant  temperatures  with  more  extensive 
disordering  evident  for  the  room  temperature  im¬ 
plant,  which  induces  the  higher  level  of  damage. 
Subsequent  annealing  has  little  effect  on  the  1017 
cm"2,  250°  C  implanted  sample  but  results  in  greatly 
enhanced  disordering  for  the  101'  cm"2,  zoom  tem¬ 
perature  implanted  sample  to  the  point  of  total  in¬ 
termixing  of  the  GaAs  and  AlAs  layers  over  a  re¬ 
gion  approximately  3500A  wide.  No  evidence  of 
oxygen  redistribution  was  noted  following  anneal¬ 
ing  for  any  of  the  doses  used.  This  indicates  that 
the  oxygen  induced  disordering  seen  here  is  not  de¬ 
pendent  on  fast  diffusion  of  the  implanted  species 
during  the  anneal,  as  is  the  case  for  Si  implanta¬ 
tion.21-*13  Rather,  the  atomic  mixing  processes  u.e. 
ion  beam  mixing,  radiation  enhanced  diffusion) 
taking  place  during  the  implantation  allow  suffi¬ 
cient  disruption  of  the  lattice  to  produce  partial  dis¬ 
ordering.  Further  disorder  occurs  during  subse¬ 
quent  annealing,  presumally  by  defect  motion, 
although  the  details  of  the  disordering  process  have 
not  yet  been  investigated. 

Carrier  Compensation 

The  forward  and  reverse  current-voltage  (I-V) 
characteristics  of  an  as-grown  SL  and  an  unan¬ 
nealed.  oxygen  implanted  SL  GO1'  cm'2,  room  tem¬ 
perature)  are  compared  in  Fig.  6.  The  I-V  charac¬ 
teristic  of  the  as-grown  sample  exhibits  a  forward 
turn-on  voltage  of  2  V  and  a  reverse  breakdown 
voltage  of  10  V  For  the  implanted  sample,  both  the 
forward  turn-on  and  reverse  breakdown  voltages 


increase  substantially,  the  former  increasing  from 
2  V  to  30  V  and  the  latter  from  10  V  to  41  V.  It  has 
been  reported16  that  the  high  density  of  defects  gen¬ 
erated  in  bulk  GaAs  implanted  with  a  moderate  dose 
(1013  cm"2)  of  oxygen  acts  as  a  conduction  path  for 
carriers.  Only  after  repair  of  the  implantation  in¬ 
duced  damage  during  annealing  is  a  semi-insulat- 
ing  region  obtained.16  The  data  of  Fig.  6,  however, 
show  that  a  semi-insulating  layer  is  formed  in  a  SL 
prior  to  annealing.  These  SL  samples  were  im¬ 
planted  with  higher  doses  than  those  of  Ref.  16  and 
should  contain  a  greater  density  of  defects.  Thus, 
the  mechanism  for  defect  conduction  observed  in  bulk 
GaAs  does  not  occur  in  an  AlAs-GaAs  SL. 

The  forward  and  reverse  I-V  characteristics  of  an¬ 
nealed  <S50°  C,  45  min)  samples,  both  implanted  uO1, 
cm"2,  room  temperature)  and  unimplanced.  are 
shown  in  Fig.  7.  The  forward  turn-on  and  reverse 
breakdown  voltages  of  these  annealed  samples  are 
only  slightly  higher  than  those  of  the  unannealed 
samples  For  the  ummplanted  sample,  the  forward 
tum-on  voltage  increased  from  2  to  4  V  and  the  re¬ 
verse  breakdown  voltage  increased  from  10  to  11  V, 
while  for  the  implanted  sample,  the  values  in¬ 
creased  from  30  to  78  V  and  from  41  tc  99  V  i  the 
forward  and  reverse  bias  conditions.  respecti\  elv 
The  electric  field  in  the  SL  at  which  breakdown  oc¬ 
curs  for  the  annealed,  implanted  sample  is  approx¬ 
imately  4  x  10J  V/cm.  These  data  demonstrate  for 
formation  of  a  highly  resistive  region  within  a  SL 
epilayer,  via  oxygen  implantation,  which  exhibits 
good  semi-insulating  properties  that  are  stable  un¬ 
der  high  temperature  annealing. 

Although  the  compensation  mechanism  active  in 
oxygen  implanted  AlGaAs  layers  is  not  clearly 
understood,  it  has  been  proposed  that  the  compen¬ 
sation  is  due  to  complexes  involving  oxygen  and  de¬ 
fects  created  during  the  implantation.  15'-,ri  In  GaAs. 
oxygen  can  introduce  both  deep  donor  and  deep  ac¬ 
ceptor  states.  A  deep  donor  level  is  generated  when 
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Fig  d  —  Forward  and  reverse  I-V  characteristics  of  an  unim- 
pianted.  unanneaied  AiAs  POOAi-GaAs  J00 A  SL  inner  curve) 
and  'he  unanneaied  SL  implanted  with  l  MeV  oxygen  to  a  dose 
of  10"  cm  '  at  room  temperature  'outer  curve). 


Fig  7  —  I-V  characteristics  for  annealed  850°  C  for  45  mini 
samples  of  an  ummolanted  AlAs  i-IOOAi-GaAs  200A)  SL  inner 
curve)  and  a  SL  implanted  at  room  temperature  with  1  MeV  ox- 
vgen  to  a  dose  of  10'‘  cm  ;  outer  curve) 
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oxyge1-  substitutes  on  an  arsenic  site  (0^)  in  the 
GaAs  lattice,  while  a  complex  of  a  substitutional  0^ 
and  an  arsenic  vacancy  ( V^),  or  a  different  complex 
involving  the  defects  generated  during  the  oxygen 
implantation,  results  in  a  deep  acceptor  level.  It  is 
possible  that  a  complex  pairing  of  Al  and  0  species 
may  also  form  a  deep  level  trap  in  AlGaAs  mate¬ 
rial.  It  has  previously  been  reported35  that  for 
AlGaAs  possessing  a  constant  concentration  of  ox¬ 
ygen.  the  electron  concentration  decreases  as  the 
aluminum  concentration  increases.  The  layer  inter¬ 
mixing  process  induced  during  the  I01'  cm-2  room 
temperature  implant,  and  enhanced  during  the  sub¬ 
sequent  anneal,  results  in  a  redistribution  of  alu¬ 
minum  from  regions  of  high  concentration  (the  AlAs 
layers  of  the  SL)  into  regions  previously  devoid  of 
aluminum  (the  GaAs  layers  of  the  SL).  Migration 
of  Al  atoms  into  the  GaAs  layers  having  a  high  con¬ 
centration  of  0  atoms  should  allow  the  formation  of 
additional  AI-0  pairs,  thereby  improving  the  semi- 
insulating  characteristics  of  the  layer.  The  increase 
in  material  resistivity  reported  here  may  be  caused 
by  a  reduction  in  carrier  concentration  due  to  the 
enhanced  formation  of  deep  level  Al-0  complexes  in 
the  AlGaAs  regions  which  comprise  the  intermixed 
interfaces  of  the  disordered  or  partially  disordered 
AlAs-GaAs  SLs. 


CONCLUSIONS 

The  data  presented  demonstrate  the  use  of  oxy¬ 
gen  ion  implantation  and  subsequent  annealing 
procedures  to  simultaneously  induce  compositional 
disordering  and  create  a  semi-insulating  region 
within  an  AlAs-GaAs  SL.  A  deep  (1.25  /am)  disor¬ 
dered  region  is  produced  by  the  damage  generated 
by  a  1  MeV  oxygen  implantation  at  a  dose  of  10 17 
cm’2  A  correspondence  between  induced  disorder¬ 
ing  and  lattice  damage  is  evidenced  by  the  align¬ 
ment  of  the  disordered  region  with  the  calculated 
peak  of  the  damage  profile  in  the  epilaver  and  the 
partial  disordering  seen  in  the  unannealed,  as-im- 
planted  sample  The  presence  of  more  extensive  dis¬ 
order  in  the  room  temperature  implanted  samples, 
which  have  a  greater  level  of  induced  damage  than 
those  implanted  at  250°  C,  also  supports  this  obser¬ 
vation.  The  I-V  characteristics  of  the  SL  indicate 
that  the  oxygen  implant  generates  a  compensated, 
semi-insulating  layer  which  is  thermally  stable  at 
the  annealing  temperatuie  lequired  to  disorder 
completely  a  region  of  the  SL.  As  the  damage  re¬ 
lated  to  the  implantation  is  assumed  to  have  been 
repaired  during  the  high  temperature  anneal,  the 
insulating  properties  of  the  implanted  layer  are  as¬ 
signed  to  a  chemically  induced  compensation  re¬ 
lated  to  the  formation  of  Al-0  pairs  and  deep  levels. 
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Abstract  Graded  barrier  quantum  well  heterostructure  iGBQWHi  broad  area 
lasers  have  been  shown  to  be  capable  of  high  power  pulsed  and  cw  operation. 
In  this  article,  we  consider  several  operational  characteristics  and  design  is¬ 
sues  associated  with  broad  area  graded  barrier  quantum  well  heterostructure 
lasers  grown  by  metalorganic  chemical  vapor  deposition.  In  particular,  the 
effect  of  junction  heating  on  emission  wavelength  for  cn  device  operation  and 
the  effects  of  various  buffer  layer  structures  on  the  material  properties  and 
device  characteristics  of  GBQWH  structures  are  addressed.  Typical  results 
for  high  power  operation  of  uncoated  broad  area  laser  diodes  are  also  outlined. 


Introduction 

Graded  barrier  quantum  well  heterostructure  (GBQWH)  lasers'  :  exhibit  ex¬ 
tremely  low  threshold  current  densities  and  high  quantum  efficiencies  due  to  the 
two-dimensional  density  of  states  of  the  quantum  well  active  layer  and  the  ex¬ 
cellent  optical  and  carrier  confinement  provided  by  the  compositional  grading  of 
the  barriers. These  structures  are  therefore  suitable  for  use  in  high  power  ap¬ 
plications  where  low  drive  currents  and  high  power  conversion  efficiencies,  w  hich 
result  in  reduced  heat  generation  in  devices  operated  under  cw  conditions,  are 
desirable.  The  lower  threshold  current  density  inherent  to  the  GBQWH  structure, 
in  comparison  to  conventional  double  heterosiructure  (DH)  lasers.6  allows  op¬ 
eration  of  devices  with  accordingly  wider  stripe  geometries  ( 150  p.m  in  this  study, 
as  compared  to  50  p.m  in  the  DH  study),  but  having  the  same  threshold  current 
at  much  higher  power  levels  before  device  heating  leads  to  reductions  in  output 
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power  and  undesirable  temperature-induced  shifts  in  the  emission  wavelength.  In 
addition,  the  larger  near-field  emission  spot  size  of  broad  area  GBQWH  lasers, 
due  to  the  wider  stripe  geometry  utilized  and  confinement  of  the  optical  field  in 
a  large  optical  cavity,  results  in  a  relatively  narrow  output  beam  and  reduces  the 
output  power  density  at  the  facets,  allowing  higher  total  output  powers  at  the 
point  of  catastrophic  optical  degradation.7  In  this  article,  heat  generation  and 
dissipation  in  GBQW  lasers  are  addressed,  along  with  some  design  considerations 
to  reduce  the  former  and  enhance  the  latter. 

During  high  power  operation,  diode  heating  effects  can  cause  a  significant  shift 
in  laser  emission  wavelength  as  the  output  power  level  is  increased  and  can  even¬ 
tually  lead  to  enhanced  device  degradation,  thereby  shortening  the  operational 
lifetime,  or  even  result  in  abrupt  thermally  induced  catastrophic  failure.  It  is  nec¬ 
essary  to  take  such  thermal  effects  into  account  when  designing  high  power  cw 
lasers  for  stable  operation  at  specific  wavelengths,  such  that  heat  dissipation  can 
be  maximized  In  this  work,  thermally  induced  wavelength  shifts  as  a  function  of 
output  power  for  high  power  broad  area  GBQWH  laser  diodes  grown  by  metal- 
organic  chemical  vapor  deposition  (MOCVD)*  are  described.  Comparison  of 
emission  spectra  at  various  pulsed  and  cw  output  power  levels  and  ambient  tem¬ 
peratures  is  presented,  allowing  estimates  of  average  laserdiode  internal  operating 
temperatures  to  be  made.  The  effect  of  various  types  of  buffer  layers  on  the 
material  quality  of  epitaxial  layers  of  high  composition  (x  =  0.85)  AI,Gai_xAs 
laser  material  grown  by  MOCVD  on  horizontal  Bridgman  (HB)  and  liquid  en¬ 
capsulated  Czochralski  (LEC)  substrates  is  also  reviewed.  Details  of  the  various 
pieiayers  and  their  effects  on  the  device  performance  of  GBQWH  lasers  having 
high  composition  AUGat  -  x  As  confining  layers  are  described  Finally,  high  power 
data  are  presented  on  the  operational  characteristics  of  various  broad  area 
GBQWH  laser  structures,  and  correlations  between  device  performance  and  as¬ 
sorted  GBQWH  design  parameters  are  noted. 


Dependence  of  Emission  Wavelength  on  Operating  Temperature  and 
Output  Power 

It  has  been  shown  that  heat  generated  by  nonradiative  processes  in  a  semicon¬ 
ductor  laser  raises  the  junction  temperature  of  any  laser  diode  structure,  thereby 
inhibiting  stimulated  emission  and  reducing  the  total  optical  output  power  9  Junc¬ 
tion  heating  also  results  in  a  temperature-dependent  red-shift  in  emission  energy 
to  longer  wavelengths. 10  ' 1  which  is  undesirable  in  applications  where  high  power 
operation  at  a  specific  wavelength  is  required  or  where  wavelength  stability  over 
a  wide  range  of  output  powers  is  desired.  In  this  section,  the  variation  in  emission 
wavelength  of  wide  stripe  broad  area  GBQWH  lasers  as  a  function  of  pulsed  and 
cw  output  power  is  noted,  and  the  effects  of  structural  design  and  device  pro¬ 
cessing  on  the  magnitude  of  this  thermally  induced  wavelength  shift  are  discussed. 
Comparison  of  laser  emission  spectra  for  pulsed  and  cw  operation  of  devices  at 
various  power  levels  and  ambient  temperatures  allows  an  estimate  to  be  made  of 
the  average  internal  operating  temperature  of  the  laser  diode  active  region. 

The  devices  utilized  in  this  study  were  grown  by  MOCVD  at  800CC  in  an 
atmospheric  pressure  vertical  reactor  described  previously. 17  The  basic 
AI.Gu)  -  x  As/GaAs  laser  structure  consisted  of  a  0.5-izm  GaAs  buffer  layer  (n  = 
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l  x  I0'H).  a  0.5-M-m  linearly  graded  Al,Ga,  ,,As  buffer  layer  (0.0  s  x  £  0.35, 
n  =  1  <  10'*).  a  1. 5-y.m  Alo  mGao  uAs  confining  layer  (n  =  I  x  I01*).  a  1.200- 
A  parabolteally  graded  AUGa,  _,As  layer  (0.85  2x2  0.20.  n  =  5  x  10'*).  a  50- 
A  GaAs  single  quantum  well  (undoped),  a  1.200- A  parabolically  graded 
Al,Ga,  .  ,As  layer  <0.20  s  x  s  0.85.  p  =  1  x  I0'7).  a  1.5-p.m  AlomCao ,uAs 
confining  laser  (p  =  2  x  10'“).  and  a  0.2-^m  GaAs  contact  layer  (p  =  3  x  101'*). 
The  use  of  such  high  aluminum  composition  confining  layers  (x  =  0.85)  allows 
more  heat  to  be  generated  in  the  device  without  a  detrimental  temperature  rise 
at  the  active  layer  junction  due  to  the  high  thermal  conductivity  of  AUCa( .  ,As 
at  higher  values  of  x."  Broad  area  oxide-defined  stripe  geometry  (w  =  150  |im) 
devices  were  fabricated  using  standard  photolithographic  and  wet  chemical  etch¬ 
ing  techniques.  Alloyed  Ge/Au  contacts  were  utilized  on  the  n-side,  and  nonal- 
loyed  Ti/PtAu  contacts  were  evaporated  on  the  p-side.  The  facets  of  the  devices 
utilized  in  this  study  were  left  uncoated.  Diodes  were  mounted  p-side  down  in 
indium  solder  on  Cu  blocks  and  wire  bonded  to  contact  the  n-side  (R>ene%  =  0.9 
O).  Devices  were  tested  under  pulsed  (1.5-pLsec  pulse  width/2.0  kHz  repetition 
rate)  and  cw  conditions  at  various  operating  temperatures  (224°C)  in  a  variable 
temperature  test  fixture.  L-I  curves  were  generated  in  order  to  determine  broad 
area  threshold  current  densities  (Jth)  and  differential  quantum  efficiencies,  and 
single-ended  output  powers  were  measured  using  a  calibrated  silicon  photodiode. 

Figure  I  shows  the  emission  spectra  of  a  dtode  operated  at  450  mA  (pulsed) 
at  fixture  temperatures  of  both  24°  and  68°C  and  at  TOO  mA  (pulsed  and  cw)  at  a 
fixture  temperature  of  24:C.  Typical  diodes  operated  at  cw  output  power  levels 
up  to  235  mW  per  uncoated  facet.  Comparison  of  the  pulsed  spectra  at  24°C  for 
currents  of  450  and  '00  mA  reveals  no  observable  shift  in  the  peak  emission 
wavelength  (8.205  A)  with  increasing  current,  indicating  no  appreciable  increase 
in  the  internal  junction  temperature  under  these  low  duty,  cycle  pulsed  conditions. 
The  spectra  of  the  same  diode  operated  cw  at  700  mA  and  a  fixture  temperature 
of  24’C.  however,  shows  a  red-shift  of  *  120  A  to  a  peak  emission  wavelength 
of  8.325  A.  Diodes  operated  under  pulsed  conditions  at  450  mA  and  a  fixture 
temperature  of  68;C  also  exhibit  a  peak  wavelength  of  8.325  A.  suggesting  an 
internal  junction  temperature  rise  of  approximately  44C’  (to  68°C)  for  the  case  of 
700  mA  cw  operation. 

These  data  illustrate  some  of  the  consequences  of  thermal  energy  generation 
in  a  GBQWH  laser  structure  operated  under  high  power  cw  conditions,  as  re¬ 
flected  in  a  rise  in  diode  internal  operating  temperature  and  a  corresponding  red- 
shift  in  emission  wavelength.  Under  pulsed  operation  at  the  low  duty  cycles  (0.3rr) 
and  with  the  simple  heat  sinking  employed  in  this  study,  it  is  evident  that  the 
small  amount  of  heat  generated  in  these  GBQWH  devices  at  high  output  power 
levels  is  easily  dissipated  such  that  associated  increases  in  internal  temperature 
or  shifts  in  emission  wavelength  are  undetectable  Under  cw  operation,  however, 
the  amount  of  heat  generated  can  be  significant,  resulting  in  an  apparent  44C0 
increase  in  diode  junction  temperature  (AE  =  3  meV)  as  deduced  from  a  measured 
increase  in  laser  wavelength  of  120  A  from  8.205  A  to  3.325  A.  Device  heating 
at  this  level  can  result  in  accelerated  material  degradation  and  reduced  cw  op¬ 
erational  lifetimes.  The  importance  of  incorporating  structural  features  that  fa¬ 
cilitate  heat  dissipation  in  the  design  of  GBQWH  structures  and  the  need  to  pro¬ 
vide  external  mechanisms  for  efficient  heat  sinking  are.  therefore,  demonstrated. 
It  is  imperative  to  address  such  issues  when  designing  semiconductor  laser  diode 
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Figure  1.  Laser  spectra  of  a  diode  operated  at  450  mA  (pulsed)  at  temperatures  of  both 
24*C  and  68°C  and  at  700  mA  (pulsed  and  cw)  at  24'C.  Comparison  of  the  24°C  pulsed 
spectra  at  450  and  700  mA  indicates  that  there  is  no  observable  shift  in  the  peak  emission 
wavelength  (8,205  A).  The  spectra  of  the  same  diode  operated  cw  at  700  mA,  ho  wever, 
has  red-shifted  by  120  A  due  to  diode  junction  heating,  yielding  a  peak  wavelength  of  8,325 
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systems  intended  for  high  power  cw  applications  where  stable  emission  wave¬ 
lengths  over  a  wide  power  range  and  long  operational  lifetimes  are  required. 


The  Effect  of  Various  Buffer  Layer  Structures 

During  the  epitaxial  growth  process,  defects  present  in  the  crystal  substrate  are 
inherited  as  climbing  dislocations  into  subsequently  deposited  Al,Ga,  -  ,As  epi- 
layers.  especially  those  of  higher  A1  composition14  and  propagate  vertically 
through  the  growing  layers,  eventually  emerging  on  the  surface  of  the  structure. 
These  defects  act  as  nonradiative  recombination  centers  and  contribute  to  optical 
field  scattering,  thereby  raising  the  threshold  current 15  if  they  propagate  through 
the  active  layer  of  a  device.  When  operated  under  high  levels  of  current  injection 
for  prolonged  periods,  such  defects  may  develop  into  larger  defect  networks,  dark 
line  defects,  which  act  as  localized  sites  of  nonradiative  recombination  and  result 
in  localized  heating.'"  Laser  structures  utilized  in  high  power  applications  that 
possess  such  defects  in  high  enough  densities  exhibit  radically  shortened  oper¬ 
ational  lifetimes  and  decreased  reliability  due  to  thermally  induced  degradation 
and  catastrophic  failure.  Typically,  GaAs  substrates  are  obtained  from  crystals 
grown  by  either  the  liquid-encapsulated  Czochralski  (LEC)  or  horizontal  Bridg¬ 
man  (HB)  technique.  LEC  substrates  are  available  in  larger  diameter  circular 
geometries,  ideal  for  automated  processing,  making  them  preferable  from  a  pro¬ 
duction  standpoint.  However,  LEC  crystals  also  tend  to  be  of  lower  overall  quality 
and  possess  much  higher  dislocation  densities  than  the  HB  crystals  currently 
available,  rendering  devices  grown  on  LEC  wafers  susceptible  to  the  difficulties 
described  above. 

In  this  section,  the  effect  of  various  buffer  layer  structures  on  the  material 
quality  of  high  composition  ALGa,_,As  laser  material  grown  by  MOCVD.  as 
reflected  in  tne  device  characteristics  of  GBQW’H  lasers,  is  outlined.  The  pre¬ 
viously  described  GBQWH  structures  having  high  composition  <x  -  0.S5)  con¬ 
fining  layers  were  grown  simultaneously  on  both  high  quality  HB  and  relatively 
lower  quality  LEC  1 100)  GaAsiSi  substrates  at  a  temperature  of  800°C  The  four 
buffer  layer  structures  studied  consisted  of  0.5  ium  GaAs  plus:  (1)  no  additional 
buffer  structure  (NOBUF),  (2)  a  0.5-n.m  compositionally  graded  AI,Ga(.,As 
buffer(CGB)  layerlO.O  sxs  0.85).  (3)  a  three-period  superlattice  buffer(3XSLB). 
each  period  consisting  of  100  A  AlAs/100  A  GaAs.  and  (4)  a  20-period  superlattice 
buffer  (20XSLB),  each  period  consisting  of  100  A  AlAs/100  A  GaAs.  Following 
MOCVD  growth,  broad  area  oxide-defined  stripe  lasers  with  various  cavity 
lengths  were  fabricated  and  broad  area  threshold  current  densities  were  taken 
from  pulsed  (2.0  ixsec  pulse  width/2.0  kHz  repetition  rate)  L-l  characteristics. 

In  Figure  2  the  broad  area  threshold  current  density  data  for  GBQW  devices 
grown  on  HB  substrates  with  each  of  the  four  types  of  buffer  layers  is  plotted  as 
a  function  of  cavity  length.  As  reported  previously,5  the  type  of  prelayer  has 
essentially  no  effect  on  J,„  when  HB  substrates  are  utilized.  In  Figure  3.  J,h  versus 
cavity  length  data  is  plotted  for  the  same  structures  grown  simultaneously  on  LEC 
substrates.  As  for  the  HB  case,  the  buffer  layer  type  has  little  or  no  effect  on  the 
diode  threshold  current.  In  addition,  these  devices  exhibited  a  mean  J,h  *  250 
A/cnrr.  which  is  the  same  as  that  of  the  HB-grown  devices  and  indicative  of  high 
optical  quality  material.  The  similar  thresholds  exhibited  for  the  two  substrate 
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Figure  2.  Broad  area  threshold  current  density  (J,h)  as  a  function  of  cavity  length  for 
GBQW  lasers  grown  on  high  quality/low  dislocation  density  HB  substrates  with  the  various 
buffer  layer  structures  indicated. 


types  was  unexpected  due  to  the  fact  that  the  as-grown  GBQWH  epilayer  struc¬ 
tures  appeared  visibly  roughened  and  degraded  for  the  LEC  case,  especially  for 
those  with  NOBUF,  when  compared  with  the  corresponding  HB-grown  struc¬ 
tures.  which  were  all  smooth  and  specular,  even  under  magnification.  A  related 
study17  on  the  effect  of  these  same  buffer  layers  on  the  dislocation  density  of  bulk 
high  composition  (x  =  0.85)  epilayers  also  indicates  a  much  higher  defect  density 
and  lower  overall  crystal  quality  for  those  epitaxial  structures  grown  on  LEC 
substrates  when  the  less  sophisticated  prelayers  are  utilized,  whereas  the  proper 
choice  of  buffer  layer  can  result  in  equivalently  low  etch  pit  densities  (EPD)  and 
smooth  surface  morphologies  for  both  the  LEC  and  HB  cases.  Laser  device  per¬ 
formance  does  not  seem  to  be  linked  to  EPD  or  surface  morphology  for  these 
LEC  grown  GBQWH  structures,  however,  and  all  devices  exhibit  essentially  the 
same  threshold  current,  independent  of  the  type  of  buffer  layer  and/or  substrate 
utilized. 

The  results  of  this  section  can  be  summarized  as  follows.  First,  it  has  been 
observed  that  the  threshold  current  density  of  GBQW  laser  structures  grown  by 
MOCVD  on  high  quality/low  dislocation  density  HB  substrates  is  independent  of 
the  type  of  underlying  buffer  layer  utilized.  This  is  in  contrast  to  previous  reports'" 
19  in  which  the  threshold  current  density  of  similar  laser  structures  grown  by  MBE 
was  highly  dependent  on  the  type  of  prelayer  used.  The  introduction  of  a  CGB1" 
or  SLB'9  was  shown  to  .esult  in  at  least  a  50  percent  reduction  in  Jlh  for  these 
MBE-grown  devices.  No  such  reduction  is  noted  for  the  MOCVD-grown  devices 
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Figure  3.  Broad  area  threshold  current  density  (Jm)  as  a  function  of  cavity  length  for 
GBQW  lasers  grown  on  low  quality/high  dislocation  density  LEC  substrates  during  the 
same  growth  run  as  the  devices  characterized  by  Figure  2.  Note  that  the  threshold  current 
of  these  lasers  is  not  only  independent  of  the  type  of  buffer  layer  utilized  but  is  also  as 
low  as  that  of  devices  grown  on  HB  substrates  (Fig.  2)  for  all  prelayer  types. 
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in  this  study,  a  fact  attributed  to  basic  differences  between  the  MBE  and  MOCVD 
growth  processes.17 

It  has  also  been  shown  that  the  pulsed  threshold  current  density  of  GBQVVH 
lasers  grown  by  MOCVD  is  independent  of  not  only  the  type  of  underlying  buffer 
layer  but  also  the  type  I  HB  or  LEO  and  dislocation  density  of  the  substrate  used. 
This  indicates  that  laser  structures  grown  by  MOCVD  exhibit  a  relative  insen¬ 
sitivity  to  material  defect  density  as  compared  to  that  exhibited  by  structures 
grown  by  MBE.  From  a  pragmatic  standpoint,  it  has  been  demonstrated  that 
MOCVD  can  be  utilized  to  grow  high  quality  GBQWH  lasers  on  commercially 
desirable  LEC  substrates  having  characteristics  comparable  to  identical  structures 
grown  on  HB  substrates.  Such  devices  are  suitable  for  high  power  applications 
requiring  low  threshold  current  operation  and  minimal  dependence  of  device  char¬ 
acteristics  on  bulk  material  dislocation  density. 


Typical  High  Power  Laser  Results 

Higher  output  power  levels  can  be  obtained  from  laser  diodes  operated  under 
pulsed  conditions  than  from  diodes  operated  cw  for  low  duty  cycle  and  low  pulse 
frequency  conditions.  It  has  been  shown70  that  the  maximum  peak  output  power 
for  pulsed  operation  increases  inversely  as  the  square  root  of  the  pulse  width  for 
pulse  durations  shorter  than  a  few  microseconds.  For  longer  pulse  widths,  the 
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maximum  pulsed  output  power  asymptotically  approaches  the  cw  value  In  this 
section,  typical  data  on  the  high  current  pulsed  response  of  broad  area  GBQWH 
laser  devices  are  presented  and  correlated  with  various  structural  parameters. 
These  GBQWH  structures  were  essentially  identical  to  the  structures  described 
earlier,  except  they  possessed  single  quantum  well  active  layers  with  either 
L*  =  30  A  or  L,  =  50  A  and  A l,Ga, As  confining  layers  with  aluminum  com¬ 
positions  of  either  x  =  0.60  or  x  =  0.85.  The  dependence  of  both  output  power 
at  a  given  reference  current  and  single-ended  output  power  at  the  point  of  cata¬ 
strophic  degradation  on  these  device  parameters  is  also  noted 

Broad  area  (w  =  150  p.m)  oxide-detined  stripe  lasers  were  operated  under 
pulsed  (6  0  visee  pulse  width. 2.0  kHz  repetition  rate)  conditions  and  driven  by 
high  injection  currents  (2-3  A)  The  average  single-ended  output  power  measured 
from  structures  having  x  =  0.60  confining  layers  and  a  50-A  quantum  well  was 
350  mW  per  uncoated  facet  at  a  drive  current  of  2.2  A  Catastrophic  optical 
degradation  of  the  facets  typically  occurred  at  an  output  of  385  mW  per  facet. 
After  being  driven  to  the  point  of  mirror  degradation,  devices  still  operated,  albeit 
with  output  power  levels  reduced  by  a  factor  of  two  at  any  given  injection  current 
Structures  having  x  =  0.60  confining  layers  but  a  30-A  quantum  well  yielded  an 
average  output  power  of  335  mW  per  facet  for  a  2.2  A  pulsed  drive  current,  with 
catastrophic  mirror  degradation  again  occurring  at  385  mW  per  facet.  The  small 
reduction  (=4 9c)  seen  in  output  power  at  a  given  current  level  is  a  result  of  the 
small  increase  in  device  threshold  current  density  associated  with  the  smaller  well 
size  utilized.  30  A  as  compared  to  50  A,  which  slightly  reduces  the  carrier  col¬ 
lection  efficiency  of  the  GBQW'H  structure."1 

Improved  high  power  broad  area  characteristics  were  obtained  by  increasing 
the  aluminum  mole  fraction  in  the  confining  layers  to  x  =  0.85.  These  devices, 
which  also  had  50-A  quantum  wells,  exhibited  extremely  low  threshold  current 
densities  (J,h  <  200  A.cm:)  and  external  differential  quantum  efficiencies  of  45 
percent.  The  exponential  temperature  dependence  of  the  threshold  current  density 
(To)  was  150  K.  measured  up  to  an  operating  temperature  of  80°C.  These  devices 
exhibited  output  powers  of  430  mW  per  facet  at  a  pulsed  drive  current  of  1.5  A 
and  up  to  585  mW  per  facet  at  2.2  A.  Gradual  degradation  of  the  facets  began  to 
occur,  however,  at  output  powers  above  500  mW  per  facet.  The  significant  in¬ 
crease  realized  in  output  power  for  these  GBQWH  structures  results  from  the 
incorporation  of  such  high  aluminum  composition  confining  layers,  which  yields 
increased  optical  and  carrier  confinement  in  the  GBQWH  active  region,  thereby 
reducing  the  threshold  current  density  and  increasing  the  differential  quantum 
efficiency  of  the  devices.  These  high  power  data  for  the  various  GBQW  structures 
are  summarized  in  Table  1. 


Table  1. 

Summary  of  High  Power  Uncoated  Laser  Data  for  Various  Combinations  of 
Quantum  Well  Width  and  AI,Gai.,As  Confining  Layer  Composition 


ALGai,As 
Confining  Layer 
Composition 

Quantum 
Well  Width 

Peak  Power 
(mW/facet  (5  2.2  A) 

Power  (fi  Catastrophic 
Optical  Degradation 
(mW/facet) 

■  WBBsm 

50  A 

350 

>385 

30  A 

330 

>385 

x  =  0.85 

50  A 

585 

>500 
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Conclusions 

In  this  article,  we  considered  various  performance  aspects  and  design  issues  un¬ 
derlying  the  operation  of  broad  area  graded  barrier  quantum  well  heterostructure 
lasers  grown  by  metalorganic  chemical  vapor  deposition.  We  examined  thermally 
induced  red-shifts  in  the  peak  emission  wavelength  of  wide  stripe  broad  area 
GBQWH  devices  as  a  function  of  cw  output  power.  Comparison  of  laser  emission 
spectra  for  both  pulsed  and  cw  operation  of  devices  at  various  output  power  levels 
and  ambient  temperatures  allowed  an  estimate  to  be  made  of  the  average  internal 
operating  temperature  of  the  laser  diode  active  region.  We  have  also  demonstrated 
that  the  device  characteristics  of  GBQWH  lasers  grown  by  MOCVD  are  inde¬ 
pendent  of  not  only  the  type  of  underlying  buffer  layer  but  also  the  type  (HB  or 
LEO  and  dislocation  density  of  the  substrate  used,  This  indicates  a  relative  in¬ 
sensitivity  of  device  performance  to  material  defect  density  for  structures  grown 
by  MOCVD  as  compared  to  those  grown  by  .VIBE.  We  have  also  fabricated  and 
tested  single  stripe  broad  area  devices  that  exhibit  peak  output  powers  of  up  to 
585  mW  per  uncoated  facet  under  pulsed  operation.  The  output  power  at  a  given 
drive  current  and  the  peak  pow  er  at  the  point  of  catastrophic  optical  degradation 
have  been  shown  to  depend  on  the  details  of  the  GBQWH  structural  design. 
Optimization  of  the  quantum  well  active  layer  thickness  and  A],Gat_,As  con¬ 
fining  layer  composition  resulted  in  increased  output  power  levels  due  to  the 
minimized  threshold  current  density  and  increased  power  conversion  efficiency 
realized  for  these  devices. 
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Data  are  presented  on  a  nonplanar  graded  barrier  quantum  well  heterostructure  window  laser 
formed  by  a  single  metalorgamc  chemical  vapor  deposition  (  MOCVD)  growth.  By  utilizing  a 
selectively  etched  substrate,  a  transparent  window  region  is  formed  in  the  vicinity  of  the  facets 
thereby  relaxing  the  maximum  power  limit  imposed  by  catastrophic  optical  degradation.  The 
ultimate  output  power  available  from  such  devices  is  approximately  50G-  higher  than  from 
devices  with  the  same  structure  but  grown  on  unetched  substrates  The  processing  required  for 
device  fabrication  is  minimized  by  taking  advantage  of  the  properties  of  MOCVD  growth  on 
nonplanar  substrates. 


Many  of  the  degradation  mechanisms  of  semiconductor 
lasers  may  be  attributed  to  the  presence  of  the  active  layer  at 
the  mirror  facets.1"  During  high-power  operation  optical 
absorption  in  the  active  region  near  the  facets,  which  is  en¬ 
hanced  by  a  high  surface  recombination  velocity,  leads  to 
local  heating  in  the  region  and  may  result  in  catastrophic 
optical  degradation  (COD).  Furthermore,  at  lower  intensi¬ 
ty  levels  augmented  generation  of  defects  and  facet  oxidation 
degrade  device  performance.  These  degradation  mech  t- 
nisms  may  be  eliminated  or  reduced  by  incorporating  a  non¬ 
absorbing  region  between  the  active  region  and  the  mirror 
facets.  The  window  region'  reduces  the  local  heating  at  the 
facets  and  decreases  the  optical  intensity  at  a  given  output 
power  by  broadening  the  beam.  Previously  reported 
schemes'"'1  to  produce  window  lasers  require  sophisticated 
fabrication  processes  or  multiple  growth  steps.  The  diffused 
window  stripe  laser'"'  requires  precise  control  over  its  diffu¬ 
sion.  the  crank  transverse  junction  stripe  (TJS)  laser"  re¬ 
quires  sophisticated  selective  etching,  the  V-channeled  sub¬ 
strate  inner  stripe  i  VSIS)  laser  and  the  large  optical  cavity- 
buried  heterostructure  (LOC-BH)  window  laser'-1 require 
two  growth  steps.  Such  complexities  of  the  fabrication  pro¬ 
cedure  reduce  the  laser  yield,  lower  the  device  reliability,  and 
limit  the  device  structure. 

In  this  letter  we  report  the  growth  and  fabrication  of  a 
simple  nonplanar  quantum  well  heterostructure  window  la¬ 
ser  In  order  to  produce  a  nonabsorbing  region  in  the  vicinity 
of  the  facets  at  the  active  region,  long  mesas  are  etched  in  the 
substrate  prior  to  growth  As  a  result  of  uniform M*~i:  metal- 
organic  chemical  vapor  deposition  i  MOCVD )  growth  over 
nonplanar  surfaces,  the  active  region  is  displaced  toward  the 
surface  in  the  vicinity  of  the  facets.  Consequently,  the  optical 
field  traverses  the  higher  band-gap  nonabsorbing  confining 
layer  in  the  vicinity  of  the  mirror  facets  Since  the  window 
region  is  a  result  of  the  nonplanar  substrate,  the  type  of  laser 
structure  grown  is  not  restricted  nor  are  sophisticated  fabri¬ 
cation  techniques  or  multiple  growth  steps  required  as  in 
previously  described  window  lasers  Data  are  presented  on 
the  light-current  characteristics  of  devices  with  and  without 
window  regions  which  demonstrate  a  nearly  50%  increase  in 
the  maximum  output  power  Near-field  and  far-field  radi¬ 
ation  patterns  perpendicular  to  the  junction  which  are  pre¬ 


sented  clearly  show  a  broadening  of  the  optical  field  due  to 
the  window  region. 

GaAs-.Si  (100)  substrates  were  prepared  prior  to  epitax¬ 
ial  growth  by  delineating  narrow  mesa  stripes  ( 25  /;m  wide 
and  510/zm  apart)  with  standard  photolithography  and  wet 
chemical  etching  (  1:8:80  H;S04:H:0::H;0t.  The  mesas, 
after  growth,  define  the  window  region  of  the  lasers.  A  grad¬ 
ed  barrier  quantum  well  iGBQW)  heterostructure  laser1'  14 
was  grown  in  an  atmospheric  pressure  MOCVD  reactor1' 
at  a  temperature  of  800  ’C.  The  laser  structure  consists  of  a 
0.25  /am  GaAs m  buffer  layer,  a  0  5  /im  linearly  graded 
(0.0s,.ts0.85 )  Al.Ga,  ,  Asm  buffer  layer,  a  1.0  ,um 
Al.jKjGa,  ,<  Asm  confining  layer,  a  1200  A  parabolically 
graded  (,0.85>.x>0.20)  Al.Ga,  ..Asm  layer,  a  50  A 
GaAs \u  quantum  well,  a  1200  A  parabolicaily  graded 
(0.20CXS.0.S5)  Al(Ga,  .  ,  As  :p  layer,  a  1.0  /am 
All,  <5 Ga,i  i«  As:/?  confining  layer,  and  a  0.2  /im  GaAs:/?* 
contact  layer  The  MOCVD  growth  is  highly  uniform "ui: 
over  the  nonplanar  substrate  such  that  the  substrate  con¬ 
tours  are  maintained  in  the  laser  structure  as  illustrated  in 
Fig  1.  which  is  a  schematic  cross  section  of  the  laser  struc¬ 
ture  in  the  vicinity  of  the  mirror  facets.  A  planar  substrate 
was  loaded  into  the  MOCVD  reactor  along  with  the  etched 
substrate  in  order  to  directly  compare  the  characteristics  of 


FIG  Schematic  ol' a  nonplanar  GBQW  window  laser  grow  n  hv  MOOD 
on  an  etched  substrate  The  MOCVD  growth  follows  the  contours  ol  the 
substrate  resulting  in  a  nonplanar  active  region  and  a  nonabsorbing  w  indow 
region  harmed  Irom  the  Al,t..Ga,, As  confining  layer  between  the  active 
region  and  the  mirror  facet. 
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the  two  structures.  Following  MOCVD  growth,  wide 
( w  =  150  /2m )  and  narrow  ( w  =  8  /im )  oxide-defined  stripe 
lasers  were  fabricated.  Alloyed  Ge/Au  contacts  were 
formed  on  the  back  of  the  substrate  and  nonalloyed  Cr/Au 
contacts  were  formed  on  top  of  the  structure.  The  window 
lasers  were  formed  by  cleaving  bars  along  the  length  of  the 
mesas  and  then  scribing  the  bars  into  individual  devices, 
thereby  producing  a  device  with  a  510-/im-long  laser  cavity 
and  a  0.6 /tm  step  to  a~  12/zm  window  region.  The  facets  of 
the  devices  utilized  in  this  study  were  left  uncoated.  No  so¬ 
phisticated  fabrication  processes  or  multiple  growth  steps 
were  required  to  form  the  window  region.  Devices  were  test¬ 
ed  under  pulsed  conditions  (300  ns  pulses,  1  kHz  repetition 
rate ) .  Output  power  was  measured  using  a  calibrated  silicon 
photodiode  and  the  near-  and  far-field  radiation  patterns 
were  measured  using  a  silicon  photodiode  array. 

Figure  2  shows  the  light  output  power  versus  pulsed 
current  curves  for  a  wide  stripe  window  laser  and  a  conven¬ 
tional  wide  stripe  las^r  both  with  a  cavity  length  of  5 10 /urn. 
The  window  stripe  lasers  emitted  up  to  1 244  m  W  per  uncoat¬ 
ed  facet  whereas  the  conventional  wide  stripe  lasers  failed 
due  to  COD  at  842  mW.  Narrow  stripe  window  lasers 
(7,h  =  140  mA)  emitted  393  mW  per  uncoated  facet  com¬ 
pared  to  280  mW  per  facet  from  conventional  narrow  stripe 
lasers  (7,h  =  75  mA).  Near-field  and  far-field  radiation  pat¬ 
terns  perpendicular  to  the  junction  at  1.75  7lh  of  a  narrow 
stripe  window  laser  and  a  conventional  narrow  stripe  laser 
are  shown  in  Figs.  3  and  4,  respectively.  The  optical  field  has 
broadened  in  the  window  region  as  indicated  by  the  wider 
near-field  full  width  at  half  maximum  (FWHM)  (1.2/zm) 
and  narrower  far-field  FWHM  (25°)  of  the  window  laser 
compared  with  the  near-field  FWHM  (0.8/um)  and  far-field 
FWHM  (35°)  of  the  conventional  laser.  The  mesa  step  sepa¬ 
rates  the  GBQW  layer  in  the  window  region  from  the 
GBQW  layer  in  the  light-emitting  region  by  0.6  /an.  Based 
on  calculations  of  the  optical  field  in  the  light-emitting  re¬ 
gion,  the  optical  intensity  is  reduced  by  more  than  four  or¬ 
ders  of  magnitude  across  the  0.6  pm  from  its  peak  value  in 
the  active  region.  We  have  also  experimentally  observed  that 
the  majority  of  the  tight  from  the  window  lasers  is  emitted 


FIG.  3  Near-field  radiation  pattern  perpendicular  to  the  junction  at  1 .75 
/  from  a  narrow  stnpe  ( 8  fim )  uncoaied  facet  of  a  window  laser  compared 
to  that  of  a  conventional  laser  both  with  a  cavity  length  of  510/rm  The 
FWHM  of  the  window  laser  is  1  2  jim  whereas  the  FWHM  of  the  conven¬ 
tional  laser  is  0.8  jim.  The  data  indicate  that  the  optical  field  broadens  in  the 
window  region. 


from  the  lower  confining  layer  of  the  window  region.  Conse¬ 
quently,  we  propose  that  the  majority  of  the  optical  field 
propagates  in  the  lower  confining  layer  as  an  unguided  mode 
in  the  window  region  (although  some  of  the  me  de  would 
couple  into  the  waveguide  formed  by  the  GBQW  layer  in  the 
window  region  but  tl.e  coupling  would  be  poor).  The  ab¬ 
sence  of  an  optical  waveguide  leads  to  incomplete  coupling 
between  the  optical  field  in  the  window  region  and  the  opti¬ 
cal  field  in  the  light-emitting  region.  To  account  for  the  in¬ 
complete  coupling  of  the  fields  we  have  incorporated  cou¬ 
pling  coefficients  in  an  expression  for  the  threshold  current 

(/,h)'7: 
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-  1  ), 

7?,C,7?:C:/ 
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where  w  is  the  width  of  the  stnpe,  0  is  the  differential  gam 
coefficient,  a  is  the  loss  coefficient,  L  is  the  length  of  the 
device,  R  ,  2  are  the  mirror  reflectivities,  and  C, ,  are  the 
coupling  coefficients.  By  comparing  threshold  current  data 
of  devices  with  and  without  window  regions  we  have  calcu¬ 
lated  the  coupling  coefficient  as  0.4.  A  limited  coupling  coef¬ 
ficient  is  expected  with  the  narrow  active  region  of  GBQW 
lasers. 

In  conclusion,  nonplanar  GBQW  window  lasers  have 


FIG  2  Light  output  power  vs  pulsed  current  characteristics  from  a  wide 
stnpe  ( 1 50  gm )  uncoated  facet  of  a  window  laser  compared  to  that  of  a 
conventional  laser  both  with  a  cavity  length  of  5 10  fim  The  maximum  out¬ 
put  power  from  the  window  laser  is  nearly  50%  greater  than  the  maximum 
output  power  from  the  conventional  laser 


FIG  4  Far-field  radiation  pattern  perpendicular  to  the  junction  at  I  7S /,„ 
from  a  narrow  stnpe  ( 8  jim )  uncoated  facet  of  a  window  laser  compared  to 
that  of  a  conventional  laser  both  with  a  cavity  length  of  510  fim  The 
FWHM  of  the  window  laser  is  25*  whereas  the  FWHM  of  the  conventional 
laser  is  35* 
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been  fabricated  with  standard  photolithography  and  wet 
chemical  etching  by  using  the  advantageous  property  of  uni¬ 
form  MOCVD  growth  on  nonplanar  substrates.  Since  the 
window  region  is  formed  as  a  consequence  of  the  nonplanar 
substrate  nearly  any  structure  may  be  utilized  as  the  laser 
structure.  A  50%  improvement  in  the  maximum  output 
power  is  achieved  from  the  nonplanar  window  lasers  com¬ 
pared  with  conventional  planar  lasers.  Improved  coupling,  a 
smaller  increase  in  the  threshold  current,  and  better  quan¬ 
tum  efficiencies  while  still  limiting  COD  may  be  realized  by 
forming  only  one  window  region  and  applying  a  high-reflec¬ 
tivity  coating  on  the  opposite  facet. 
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Abstract— Optical  characteristics  of  high-power  nonplanar  periodic 
laser  arrays  are  presented  and  analyzed.  The  nonplanar  arrays,  grown 
by  metalorganic  chemical  vapor  deposition,  consist  of  a  periodic  array 
of  mesas  and  grooves,  which  provides  index  guiding  and  prevents  lat¬ 
eral  lasing.  The  near-  and  far-held  patterns  are  shown  to  he  a  strong 
function  of  the  laser  structure,  particularly  of  the  confining  layer  com¬ 
position  and  effective  index  step.  The  near-held  pattern  determined  by 
the  structure  affects  the  external  differential  quantum  efficiency  of  these 
arrays  relative  to  similar  planar  active  region  devices,  l.aser  emission 
was  generally  confined  to  the  mesa  regions.  A  simple  model  is  used  as 
an  aid  to  explain  the  observed  near-  and  far-held  patterns  and  to  iden¬ 
tify  the  mechanisms  which  conhne  the  optical  held  to  the  mesa  or  groove 
region. 

I  Introduction 

ULTIPLE-.stripe  laser  arrays  have  proven  to  be  a 
most  promising  source  of  high-power  emission  from 
semiconductor  materials  which  are  suitable  for  such  ap¬ 
plications  as  pumping  solid-state  Nd:YAG  lasers  [1]. 
Lateral  lasing  and  amplified  spontaneous  emission  in  wide 
laser  arrays  can  be  suppressed  by  etching  deep  grooves  at 
periodic  intervals  [2|.  |3|  or  by  forming  a  nonplanar  ac¬ 
tive  region  by  metalorganic  chemical  vapor  deposition 
(MOCVD)  on  an  etched  GaAs  substrate  (4),  [5|  Either 
technique  allows  very  wide  lasers  to  be  fabricated  which 
emit  over  essentially  the  entire  width  of  the  facet.  For 
nonplanar  periodic  laser  arrays,  the  sharp  bends  in  the  ac¬ 
tive  region  provide  large  scattering  losses  for  the  lateral 
cavity  modes,  with  no  extra  processing  required  to  pre¬ 
vent  lateral  lasing  The  purpose  of  this  paper  is  to  describe 
the  characteristics  of  high-power  nonplanar  corrugated 
substrate  laser  arrays  grown  by  MOCVD  on  etched  GaAs 
substrates  An  advantage  of  using  MOCVD  tor  the  growth 
of  these  lasers  is  that  the  growth  over  the  etched  substrate 
follows  the  contour  of  the  substrate  more  closely  than  with 
other  growth  methods  |4]-[6|. 

In  this  paper,  we  discuss  the  fabrication,  optical  char¬ 
acteristics,  and  design  considerations  of  nonplanar  index- 
guided  quantum  well  heterostructure  periodic  laser  arrays 
which  are  suitable  for  high-power  applications  requiring 
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optical  power  in  excess  of  10  W.  In  particular,  we  discuss 
the  effects  of  fabrication  parameters  such  as  confining 
layer  aluminum  composition,  active  region  structure,  and 
the  width  of  mesas  and  grooves  on  the  threshold  current, 
efficiency,  and  near-  and  far-fieid  patterns  of  the  laser  ar¬ 
ray.  We  have  experimentally  observed  a  strong  depen¬ 
dence  of  the  near-  and  far-field  patterns  on  the  confining 
layer  composition  t,  of  graded  barrier  quantum  well  het¬ 
erostructure  (GBQWH)  [7],  [8]  periodic  laser  arrays, 
which  in  turn  affects  the  external  differential  quantum  ef¬ 
ficiency  of  the  laser  arrays.  In  Section  II.  the  fabrication 
process  for  the  periodic  laser  arrays  is  described.  Exper¬ 
imental  results  for  lasers  with  various  structures  will  be 
presented  in  Section  III.  In  Section  IV.  a  discussion  of  the 
experimental  data  is  presented,  and  the  results  of  this  pa¬ 
per  are  summarized  in  Section  V 

II.  Laser  Fabrication 

The  fabrication  of  nonplanar  periodic  laser  arrays  has 
been  described  previously  [4],  [5].  The  resulting  structure 
is  shown  in  Fig.  1 .  The  important  features  of  the  structure 
are  the  nonplanar  active  region  with  a  series  of  grooves 
and  mesas  and  a  bent  region  connecting  the  grooves  and 
mesas,  which  serves  to  provide  index  guiding  and  prevent 
lateral  lasing  and  amplified  spontaneous  emission  [4],  [5]. 
Epitaxial  growth  was  performed  in  an  atmospheric  pres¬ 
sure  MOCVD  reactor  described  previously  [9|.  Three  dif¬ 
ferent  AI,Ga|  -  ,  As /GaAs  GBQWH  [7 1 .  |8)  laser  wafers 
were  prepared  on  etched  GaAs  substrates  for  this  study. 
All  three  structures  consist  of  a  0.25  jam  GaAs  buffer  layer 
(  n  =  I  x  1 01  s ) .  a  0.5  fzm  linearly  graded  AI,Ga|.,As 
buffer  layer  (0.0  <  .r  <  x, .  n  =  I  x  1 0 1  s ) .  a  1.0  jam 
Al,Ga|  .  ,  As  confining  layer  (n  =  1  x  10IS.  x  =  x,  ).  a 
i200  A  parabolicullv  graded  AI,Gai  _ ,  As  layer  (.r,  >  x 
>  0.20.  n  =  5  x  10lh),  a  50  A  GaAs  single  quantum 
well  (undoped),  a  1200  A  parabolically  graded 
AI,Ga,  . ,  As  layer  ( 0.20  <  x  <  x, .  p  =  1  x  101  ).  a  1 .0 
fxm  AI,Ga,  _  ,  As  confining  layer  (  p  =  2  x  !0IS.  x  —  x,  ). 
and  a  0  2  ^m  GaAs  contact  layer  (  p  =  3  x  1014).  The 
first  two  wafers,  one  with  r,  —  0.85  and  one  with  v,  = 
0.40.  labeled  wafer  I  and  wafer  II.  respectively,  were 
grown,  with  a  mesa  width  of  approximately  3.6  /urn.  a 
groove  width  of  about  3  2  /am.  and  a  bent  region  width  of 
approximately  0.6  /am.  resulting  in  a  center-to-center 
spacing  between  adjacent  mesas  or  grooves  of  8  jim. 
Wafer  III  has  the  same  structure  as  wafer  l.  except  (he 
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Fig  I  Schematic  and  scanning  electron  micrograph  of  a  nonplanar  array 
fabricated  from  wafer  I  The  array  of  mesas  and  grooves,  along  with  the 
bent  region,  forms  an  index-guided  structure  which  prevents  lateral  las¬ 
ing. 


TABLE  I 

SrRLCTL'RFOE  THE  THREE  WAFERS  IN  rHIsSrCDV.  THRESHOLD  ClRRENT 
Densities  oe  Nonplanar  Lasers  from  Each  Wafer,  and 
Differential  Quantum  Efficiencies  of  Nonplanar 
Lasers,  and  Broao-Area  Planar  Lasers 
from  Each  Wafer 


Wafer  No. 

Smirrnrp 

JtD  (l  =  508  um) 

Efficiency  (non-olanaf/Dlanar) 

I 

Xc  =0  85 

GBQWH 

wmcsa  =  3.6  um 

w  groove  =  32  um 

158  A/cm1 

31  "./SS  % 

il 

xc  =  0.40 

GBQWH 

wmcsa  =  3  6  urn 

w  groove  =32  '4m 

557  A/cm2 

29  %  1 44  % 

II! 

xc  =  0.85 

GBQWH 

Wmcsa  =  2.8  urn 

w groove  =39  kirn 

223  A/cm2 

21  %/43  % 

width  of  the  mesa  is  2.8  jam,  smaller  than  the  width  of 
the  groove,  which  is  3.9  ^m.  The  center-to-center  spacing 
was  kept  at  8  gm  Table  i  summarizes  the  structure  of 
each  of  the  three  wafers  and  includes  some  experimental 
results,  which  will  be  discussed  in  the  following  sections. 
Device  waters  were  mechanically  thinned  and  polished, 
and  ohmic  contacts  were  deposited  on  the  p-  and  n-sides 
of  the  wafer  The  samples  were  then  cleaved  into  bars  of 
various  lengths,  which  were  diced  into  individual  diode 
arrays  of  various  widths.  The  entire  width  of  the  laser  bar 
is  pumped.  The  facets  of  the  devices  utilized  in  this  study 
were  left  uncoated.  For  comparison,  hroad-area  150  gim 
wide  oxide  stripe  lasers  were  fabricated  and  tested  from 


unetched  planar  wafers  grown  with  each  of  the  etched  wa¬ 
fers. 


III.  Experimental  Results 

In  this  section,  experimental  results  from  each  of  the 
three  wafers  are  described.  First,  the  longitudinal  mode 
spectra  are  discussed.  Then  the  threshold  current  density 
and  the  differential  quantum  efficiencies  of  the  various  la¬ 
sers  are  compared.  In  particular,  the  effect  of  the  non¬ 
planar  substrate  on  efficiency  is  evaluated  by  comparison 
to  the  broad  area  planar  lasers  grown  on  unetched  sub¬ 
strates.  The  near-held  intensity  patterns,  both  below  and 
above  threshold,  are  compared.  The  far-held  patterns  from 
the  three  laser  structures  are  also  described. 

The  longitudinal  mode  spectrum  of  nonplanar  arrays 
was  determined  using  a  grating  spectrometer.  The  emis¬ 
sion  of  lasers  from  wafer  I  was  8270  A.  as  expected  from 
a  single  50  A  GaAs  quantum  well  with  Al„  :Ga0  „As  bar¬ 
riers  [10],  A  single  group  of  longitudinal  modes  was  ob¬ 
served  from  all  but  a  few  of  the  lasers.  A  few  lasers  had 
two  groups  of  modes  oscillating,  and  spatially  resolved 
spectral  measurements  indicate  that  each  array  element 
oscillates  on  only  one  of  the  two  groups  of  modes.  This 
anomaly  may  be  associated  with  well  thickness  variations 
across  the  wafer  associated  with  the  nonplanar  growth  and 
is  sometimes  observed  in  planar  broad-area  lasers  as  well. 
The  lasers  from  wafer  II  emit  at  8260  A.  again  corre¬ 
sponding  to  the  quantum  well  transition  fora  single  50  A 
GaAs  quantum  well  with  Aln:Ga0  SAs  barriers.  The  la¬ 
sers  from  wafer  III  emit  at  8390  A,  indicating  that  the 
actual  quantum  well  thickness  for  wafer  III  may  be  greater 
than  50  A  [10|. 

The  data  in  Table  I  show  the  average  threshold  current 
density  of  corrugated  substrate  lasers  from  each  wafer  and 
the  external  differential  quantum  efficiency  (both  facets) 
for  both  corrugated  substrate  lasers  and  broad-area  planar 
lasers  with  cavity  length  /  =  508  gm  from  each  of  the 
three  wafers.  As  expected,  the  threshold  current  density 
of  lasers  from  wafers  I  and  III  is  lower  than  the  threshold 
current  density  of  lasers  from  wafer  II  due  to  the  higher 
aluminum  comDosition  confining  layers  of  the  lasers  from 
wafers  I  and  III.  Note  that  the  broad-area  planar  lasers 
from  wafer  III  have  a  slightly  higher  threshold  current 
density  and  lower  quantum  efficiency  than  the  broad-area 
planar  lasers  from  wafer  I,  indicating  a  slight  variation  in 
the  starting  material  of  lasers  from  wafers  I  and  III.  The 
preferred  structure  for  high-power  low-threshold-current 
operation  is  the  laser  structure  with  x,  =  0  85  because  of 
the  very  low  threshold  current  density  and  high  differen¬ 
tial  quantum  efficiency  of  these  lasers  For  each  laser 
structure,  the  external  differential  quantum  efficiency  of 
planar  broad-area  lasers  is  higher  than  the  efficiency  of 
nonplanar  lasers,  but  not  by  the  same  factor  In  addition, 
the  threshold  current  density  of  the  lasers  on  etched  sub¬ 
strates  is  lower  than  the  threshold  current  density  of  lasers 
on  planar  substrates.  This  indicates  that  the  current  is  not 
uniformly  injected  across  the  width  of  the  laser,  so  that 
one  should  not  use  the  total  width  of  the  device  to  ealeu- 
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Fig.  2.  Near-ticld  pattern  lor  a  laser  from  water  I.  The  observed  emission 
is  from  the  mesa,  with  two  peaks  on  the  mesa.  The  emission  from  the 
groove  is  two  orders  of  magnitude  lower  than  the  emission  from  ihe  mesa 
and  is  noi  detected  in  this  near-held  pattern. 

late  the  cross  sectional  area.  The  effect  of  the  nonplanar 
structure  on  efficiency  is  more  pronounced  for  wafers  I 
and  III  than  for  wafer  II.  and  when  the  near-field  patterns 
of  these  nonplanar  arrays  is  examined  below,  the  reason 
for  the  reduced  efficiencies  relative  to  broad-area  lasers 
will  become  apparent. 

Fig.  2  shows  the  near-field  optical  intensity  pattern  from 
two  adjacent  elements  of  a  high-power  GBQWH  periodic 
laser  array  from  wafer  I  at  twice  the  threshold.  Note  that 
two  lasing  spots,  spaced  by  1.5  jim,  are  located  in  each 
mesa,  one  near  each  edge.  No  lasing  action  in  the  grooves 
is  indicated  by  the  near-field  pattern  of  Fig.  2;  however, 
if  the  sensitivity  of  the  near-field  measurement  is  in¬ 
creased.  lasing  action  is  detected  in  the  groove  region, 
with  two  peaks  per  groove.  We  estimate  the  emission  from 
the  grooves  to  be  about  two  orders  of  magnitude  lower 
than  in  the  mesa,  and  we  determined  that  the  emission 
wavelength  in  the  groove  is  the  same  as  in  the  mesa  using 
a  spatially  resolved  measurement  to  measure  the  emission 
wavelength  in  the  mesa  and  groove  regions.  Since  the 
emission  wavelength  is  the  same  in  both  the  mesa  and 
groove  regions,  the  quantum  well  thickness  is  the  same  in 
the  mesa  and  groove  regions.  The  very  low  emission  from 
the  grooves  is  responsible  for  the  decreased  efficiency  of 
nonplanar  lasers  relative  to  planar  broad-area  lasers  from 
the  same  growth  run  since  the  groove  region  is  pumped 
with  current  just  as  the  mesa  region  is.  The  observed  44 
percent  reduction  in  efficiency  relative  to  broad-area  la¬ 
sers  is  not  as  large  as  might  be  expected  since  the  stimu¬ 
lated  emission  in  the  groove  with  its  shorter  carrier  life¬ 
time  will  compete  effectively  for  nearby  carriers  subject 
to  the  slower  spontaneous  emission  outside  the  mesa.  The 
observed  near-field  pattern  of  Fig.  2  is  stable  over  a  wide 


range  of  drive  currents,  retaining  its  shape  from  threshold 
to  at  least  16  times  threshold.  The  spontaneous  emission 
near-field  intensity  pattern  far  below  threshold  (0.1  x  /,h ) 
was  also  measured  for  these  devices,  and  the  intensity  of 
the  emission  from  the  mesas  was  about  30  percent  higher 
than  the  intensity  in  the  grooves.  A  shallow  dip  in  inten¬ 
sity  at  the  center  of  the  mesa  was  observed,  which  even¬ 
tually  grew  into  the  double  peak  pattern  in  the  mesa  shown 
in  Fig.  2.  These  observations  indicate  there  is  a  slight 
gain  variation  between  the  mesa  and  groove  regions.  This 
gain  variation  may  be  a  result  of  nonuniform  current  in¬ 
jection,  as  evidenced  by  the  lower  measured  threshold 
current  density  when  it  is  assumed  that  the  current  is  uni¬ 
formly  distributed  across  the  device.  From  the  threshold 
current  density  of  lasers  on  planar  substrates,  one  can  es¬ 
timate  the  nonuniformity  in  current  between  the  mesa  and 
the  groove  by  requiring  the  current  density  in  the  mesa  at 
threshold  to  be  equal  to  the  threshold  current  density  of  a 
broad-area  laser  with  a  planar  active  region  and  also  re¬ 
quiring  the  total  current  to  be  equal  to  the  threshold  cur¬ 
rent  of  the  laser  on  the  etched  substrate.  From  our  data, 
using  the  above  conditions,  we  estimate  that  the  current 
density  in  the  mesa  is  30  percent  higher  than  in  the 
grooves.  A  scanning  electron  micrograph  of  the  growth 
on  etched  substrates  indicates  that  the  layer  thickness  var¬ 
ies  in  the  bent  region  [6],  with  the  layer  being  thinner  near 
the  mesa  than  near  the  groove.  The  thinner  quantum  well 
near  the  mesa  forms  a  barrier  for  electrons  [11|.  [12], 
helping  to  confine  carriers  to  the  mesa.  A  similar  barrier 
is  not  formed  near  the  groove.  This  nonuniformity  of 
growth  rate  in  the  bent  region  [6]  will  probably  cause  a 
slightly  higher  carrier  concentration  in  the  mesa.  The  gain 
variation  is  probably  exaggerated  by  the  fact  that  the  mesa 
region  is  a  perfect  ( 100)  surface,  whereas  the  groove  re¬ 
gion  is  not.  The  far-field  pattern  of  a  laser  from  wafer  I 
is  shown  in  Fig.  3.  showing  two  broad  peaks  at  ±4°  and 
a  minimum,  but  not  a  zero,  at  0°.  The  depth  of  the  min¬ 
imum  at  0°  varies  somewhat  from  diode  to  diode.  The 
adjacent  mesa  elements  spaced  by  8  /am  are  not  coupled, 
as  indicated  by  the  two  broad  peaks  with  full  width  half 
maximum  angles  of  about  7°  observed  in  the  far-field  pat¬ 
tern  of  Fig  3. 

The  near-field  pattern  of  lasers  from  wafer  II  is  more 
complicated,  with  three  small  peaks  in  the  groove  and  a 
small  peak  in  the  bent  region,  accounting  for  the  five  small 
peaks  between  the  large  single  peaks  in  the  mesa,  as 
shown  in  Fig  4  The  reduction  in  efficiency  of  corrugated 
substrate  lasers  from  wafer  II  relative  to  the  correspond¬ 
ing  broad-area  planar  lasers  is  not  as  pronounced  as  for 
wafer  I  since  some  emission  is  observed  in  the  grooves  of 
the  lasers  from  wafer  II.  The  spontaneous  emission  pat¬ 
tern  at  0. 1  x  /lh  of  lasers  from  wafer  II  indicates  the  gain 
in  both  the  mesa  and  the  groove  regions  are  approximately 
equal,  and  some  spontaneous  emission  is  also  observed  in 
the  bent  regions.  The  far-field  pattern  of  lasers  from  wafer 
II  exhibits  narrow  lobes  (  full  width  half  maximum  = 
1.2°  )  at  ±  3°.  as  shown  in  Fig.  5.  The  spacing  between 
peaks  of  6°  is  close  to  the  expected  value  of  5  9°  calcu- 
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Fig  3.  Far-Held  paitem  of  a  laser  from  wafer  I  The  Jouble-lobeU  pattern 
has  two  peaks  at  r9°  and  a  minimum  at  0°.  but  the  minimum  at  0°  is 
not  a  null  in  intensity. 
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Fig  -i  Near- field  pattern  for  a  laser  from  wafer  II  The  larger  peak  cor¬ 
responds  to  the  mesa  while  the  three  smaller  peaks  in  the  center  corre¬ 
spond  to  the  groove  and  the  other  two  '.mail  peaks  between  the  mesas 
are  emission  trom  the  bent  region 


lated  from  simple  diffraction  theory  assuming  in-phase 
coupling  between  adjacent  elements  and  a  center-to-cen- 
ter  spacing  of  8  ^m  at  a  wavelength  of  8260  A  |I3)  The 
error  is  probably  due  to  the  emission  from  the  grooves. 


Fig.  5  Far-Held  paitem  of  a  laser  from  wafer  11  The  narrow  lobes  with  a 
full  width  half  maximum  angle  of  -  I  2°  indicate  the  elements  are  phase 
locked  in  contrast  to  the  lasers  from  wafer  I 


The  far-held  data  clearly  imply  that  the  adjacent  elements 
spaced  by  8  ^m  in  lasers  from  wafer  II  are  phase  locked, 
in  contrast  to  the  laser  elements  spaced  by  8  ^m  in  lasers 
from  wafer  I.  which  are  uncoupled. 

The  spontaneous  emission  intensity  pattern  at  0. 1  x  /th 
of  lasers  from  wafer  III  is  not  as  uniform  as  for  lasers  from 
wafer  I,  with  the  spontaneous  emission  being  about  three 
times  more  intense  in  the  mesa  than  in  the  groove  region. 
As  observed  in  lasers  from  wafer  I.  a  slight  dip  is  ob¬ 
served  in  the  spontaneous  emission  pattern  at  the  center 
of  the  mesa  of  lasers  from  wafer  III.  The  near-held  pattern 
above  thresho!  .!  is  confined  primarily  to  the  mesas,  with 
strongly  attenuated  laser  emission  from  the  grooves  and 
two  peaks  per  mesa,  just  as  observed  in  lasers  from  wafer 
I.  An  even  smaller  percentage  of  the  facet  contributes  to 
the  output  power  because  the  mesas  are  smaller  in  wafer 
III  than  in  wafer  I,  so  the  relative  reduction  in  efficiency 
between  nonplanar  lasers  and  broad-area  lasers  is  even 
larger  for  wafer  III.  as  shown  in  Table  I.  Finally,  the  tar- 
held  pattern  of  lasers  from  wafer  III  is  similar  to  the  ob¬ 
served  patterns  of  lasers  from  wafer  1.  except  the  null  at 
0°  is  barely  noticeable  in  these  lasers,  resulting  in  a  very 
broad  far-held  pattern  with  a  full  width  half  maximum 
angle  of  about  20°.  These  data  show  that  the  adjacent  ele¬ 
ments  spaced  by  8  jim  are  uncoupled. 

Despite  the  reduced  efficiency  of  the  nonplanar  arrays 
relative  to  the  broad-area  planar  lasers,  an  output  power 
of  8  W/uncoated  facet  from  the  nonplanar  lasers  has  been 
observed  since  the  nonplanar  lasers  can  be  made  very  wide 
(4).  [5]  It  would  be  desirable  to  excite  the  grooves  of  the 
lasers  with  the  GBQWH  structure  of  wafers  I  and  III  in 
order  to  increase  the  efficiency  and  thus  further  increase 
the  output  power  from  nonplanar  laser  arrays  The  follow¬ 
ing  section  offers  an  analysis  of  the  experimental  data 
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given  in  this  section,  which  aids  in  the  understanding  of 
these  lasers  arrays  and  may  lead  to  a  solution  which  will 
allow  more  uniform  emission  across  the  width  of  the  ar¬ 
ray. 

IV.  Discussion 

In  an  effort  to  explain  the  widely  varying  near-field  pat¬ 
terns  of  the  lasers  from  the  different  wafers,  we  developed 
a  simple  analytical  model  of  these  arrays.  This  periodic 
laser  array  structure  is  essentially  a  periodic  variation  of 
the  channel  guide  structure  [  14],  which  has  been  modeled 
by  Yang  et  at.  (15).  For  simplicity,  we  assumed  a  uni¬ 
form  gain  distribution  across  the  entire  array,  so  only  the 
real  part  of  the  index  of  refraction  is  used  in  the  calcula¬ 
tion.  The  spontaneous  emission  patterns  below  threshold 
indicate  this  is  a  good  assumption  well  below  threshold 
for  lasers  from  wafer  II.  a  fair  assumption  for  lasers  from 
wafer  I,  and  a  poor  assumption  for  lasers  from  wafer  III. 
Since  this  assumption  is  not  always  valid  below  threshold 
and  is  in  general  not  valid  above  threshold  (16],  the  cal¬ 
culated  fields  presented  here  cannot  be  taken  as  definitive, 
but  the  calculation  does  provide  information  which  helps 
to  determine  the  waveguiding  mechanism  for  the  various 
array  structures.  Fig.  6  shows  a  schematic  and  assumed 
real  refractive  index  profile  of  one  period  of  the  structure. 
The  .t  direction  is  defined  to  be  perpendicular  to  the  junc¬ 
tion.  and  the  y  direction  is  parallel  to  the  junction.  We 
derived  the  real  refractive  index  profile  of  Fig.  6  using  the 
effective  index  approximation  |J5)-|  J8)  as  follows.  First, 
the  effective  index  is  found  in  the  mesa  and  groove  re¬ 
gions  by  solving  for  the  effective  index  n,  for  the  structure 
perpendicular  to  the  junction: 

dlF/dx-  -r  A,f[/r(x)  -  n;]F  =  0  (1 ) 

where  kt)  is  the  free  space  propagation  constant,  n(x)  is 
the  refractive  index  as  a  function  of  position  with  t  =  0 
at  the  center  of  the  active  region,  and  F  describes  the  x 
dependence  of  the  y  component  of  the  electric  field,  as¬ 
suming  TE  polarization.  The  index  of  refraction  of  Al- 
GaAs  was  taken  to  be  a  linear  function  of  aluminum  com¬ 
position.  with  n  =  3  I  for  a  0.85  aluminum  mole  fraction. 
n  =  3.51  for  a  0.20  aluminum  mole  fraction,  and  n  = 
3.36  for  a  0.40  aluminum  mole  fraction  |19]  The  index 
in  the  middle  of  the  bent  region  is  assumed  to  be  the  re¬ 
tractive  index  of  AI.Gai  ,  As  (.t  =  x,  ),  n, .  at  the  laser 
wavelength,  so  n,  =31  for  wafers  I  and  III  and  n,  = 
3.36  for  wafer  II.  The  solution  of  ( 1)  gave  u,  =  3.28  for 
wafers  I  and  III  and  n,  =  3.4  for  wafer  II  A  measure  of 
the  index  step  is  n,  -  n  .  which  is  much  larger  for  lasers 
with  x,  =  0  85  than  for  lasers  with  v,  =  0.40.  The  smaller 
index  step  of  lasers  from  wafer  II  t.r,  =  0.40)  allows  the 
adjacent  elements  to  couple,  explaining  the  much  sharper 
tar-field  peaks  of  those  lasers  A  transition  region  of  index 
is  assumed  tor  the  edges  of  the  bent  regions,  and  this  in¬ 
dex  prolile  is  calculated  as 

n..,,l  v)  =  n.  -  A/!..,,!  v).  ( 2 ) 

This  approximate  method  for  calculating  the  effective  m- 
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Fig  6  (a)  Schematic  ol  the  active  region,  (hi  Retractive  index  protile  used 
to  calculate  the  optical  modes  of  the  laser  The  x  direction  is  perpendic¬ 
ular  to  the  junction,  and  the  y  direction  is  lateral  to  the  (unction  The 
center  region  corresponds  to  the  mesa  region,  while  the  edges  correspond 
to  the  groove,  and  n,  and  n,  are  defined  in  the  text 

dex  in  the  bent  region  is  derived  from  first-order  pertur¬ 
bation  theory  [20] .  which  approximates  the  perturbation 
to  the  effective  index  as 

A/ic„(  y )  =  {  F  j  An (.v )  j  F  )  (  3 ) 

where  A/i(. r)  is  the  change  in  refractive  index  at  the  point 
y  in  the  bent  region  due  to  the  displacement  of  the  wave¬ 
guide  by  a  distance  along  the  .r  direction  of  A.x  =  y  tan  9 
where  9  is  the  angle  the  bent  region  makes  with  the  v  axis 
and  F  is  the  unperturbed  solution  of  (I).  The  refractive 
index  profile  of  Fig.  6  is  used  to  solve  for  the  lateral  field 
variations  by  solving  the  one-dimensional  field  equation 

d:G/dy:  +  A'o’[/ij|f(y)  -  /i j  <7  =  0  (4) 

where  n,  is  the  effective  index  for  the  lateral  waveguide 
along  the  y  direction  and  G  contains  the  y  dependence  of 
the  electric  field.  The  boundary  conditions  of  (4)  require 
both  the  field  and  the  derivative  of  the  field  to  be  contin¬ 
uous  at  the  period  boundaries.  The  near-held  intensity  is 
taken  to  be  the  electric  field  squared.  The  far-tield  pattern 
for  a  single  element  is  calculated  in  the  usual  way.  using 
the  Fourier  transform  of  the  near-field  pattern,  and  the 
inclination  factor  is  taken  to  be  equal  to  cos  9  |21|.  The 
far-held  pattern  was  not  calculated  for  lasers  from  wafer 
11  since  the  elements  were  phase  locked. 

The  calculated  near-field  pattern  of  ihe  in  =  1  mode  of 
one  period  for  lasers  from  wafer  I  is  shown  in  Fig.  7.  As 
expected,  the  emission  is  only  expected  in  the  mesa,  in 
agreement  with  the  measured  data  of  Fig.  2.  The  degree 
of  confinement  to  the  mesa  was  relatively  independent  of 
mode  number,  other  modes  are  also  virtually  confined  to 
the  mesa.  This  calculation  shows  that  a  difference  in  width 
between  the  mesa  and  the  groove  will  tend  to  confine  the 
optical  field  to  the  wider  of  the  two  regions,  assuming 
gain-guiding  effects  are  negligible.  For  a  mesa  width  of 
3  6  /on  and  a  groove  width  of  3.2  /on.  the  field  is  a  irtuallv 
confined  to  the  mesa  for  lasers  from  wafer  I  since  the  in¬ 
dex  step  for  x.  =  0.85  lasers  is  relatively  large  In  addi¬ 
tion.  the  observed  gain  variations  between  the  groove  and 
mesa  as  determined  by  the  spontaneous  emission  data  for 
lasers  from  wafer  I  will  tend  lo  confine  the  field  lo  ihe 
mesa  since  ihe  gain  was  slightly  higher  in  the  mesa  than 
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Fig.  7  Calculated  near-tield  pattern  of  the  m  =  I  mode  lor  an  r.  =  0  85 
GBQWH  laser  with  a  mesa  width  of  3.6  pm  and  a  groove  width  of  3  2 
pm  (wafer  h.  The  center  region  corresponds  to  the  mesa,  and  the  outer 
regions  correspond  to  the  groove,  as  indicated  by  Fig  6.  The  emission 
is  strongly  confined  to  the  wider  mesa  region. 

in  the  groove.  From  a  comparison  of  the  efficiency  and 
threshold  current  density  of  lasers  on  etched  substrates 
with  the  lasers  on  planar  substrates  from  wafer  I.  we  es¬ 
timate  that  56  percent  of  the  total  current  is  injected  into 
the  groove  with  44  percent  injected  into  the  mesa.  As  a 
result,  we  conclude  that  two  effects  are  responsible  for  the 
confinement  of  laser  emission  to  the  mesas  for  lasers  from 
wafer  I.  First,  the  larger  width  of  the  mesa  relative  to  the 
groove  tends  to  confine  the  field  to  the  mesa  region.  Sec¬ 
ond.  slight  gain  guiding,  indicated  in  ihe  below  threshold 
spontaneous  emission  pattern,  will  tend  to  confine  the  field 
to  the  mesa. 

The  gain  variation  between  the  mesa  and  groove  is  a 
result  of  the  nonuniform  current  injection  between  the 
mesa  and  groove,  as  indicated  by  the  threshold  current 
density  comparison  between  planar  lasers  and  etched  sub¬ 
strate  lasers,  as  described  above  The  relatively  small 
variation  in  current  density  between  the  mesa  and  the 
groove  can  lead  to  a  situation  in  which  the  gain  in  the 
mesa  is  much  larger  than  the  gain  in  the  groove  since  the 
gain  is  highly  sensitive  to  the  number  of  carriers  injected 
into  the  quantum  well  (22).  We  have  solved  (4)  using  a 
complex  effective  index  to  estimate  the  effects  of  gam 
variations  on  the  near-field  pattern  If  the  gain  in  the  mesa 
is  four  times  the  gain  in  the  groove,  the  optical  field  will 
he  confined  to  the  mesa  if  the  gain  coefficient  in  the  mesa 
is  assumed  to  be  greater  than  -  200  cm  1 .  Given  this  re¬ 
sult.  it  is  easy  m  believe  that  the  variation  in  current  den¬ 
sity  estimated  from  our  data  can  cause  a  large  enough 
variation  in  gain  to  confine  the  optical  field  to  the  mesa. 
See.  for  example,  |22.  Figs.  2  and  3| 

For  lasers  from  wafer  III.  the  effect  of  gam  guiding, 
which  tends  to  confine  the  field  to  the  mesa  of  lasers  from 
wafer  III.  dominates  over  the  effect  of  having  a  wider 
groove  width  than  mesa  width,  which  tends  to  confine  the 
optical  held  to  the  groove.  These  data  indicate  that  the 
variation  in  gain  induced  by  nonumform  current  injection 
is  responsible  for  the  confinement  of  the  optical  held  to 
the  mesa  The  larger  gain  variation  between  the  mesas 
and  grooves  of  lasers  from  water  III  may  result  from  the 
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fact  that  the  larger  grooves  in  wafer  III  deviate  more  from 
a  perfect  (100)  surface  than  the  smaller  grooves  in  lasers 
from  wafer  I.  The  shape  of  the  growth  in  the  groove  de¬ 
pends  on  the  relative  sizes  of  the  grooves  and  mesas  (6). 

The  far-fieid  pattern  calculated  from  the  near-field  pat¬ 
tern  of  Fig.  7  (the  m  =  1  mode)  is  shown  in  Fig.  8,  with 
peaks  at  ±9°  and  a  zero  normal  to  the  facet.  Since  the 
measured  far-field  pattern  of  lasers  from  wafers  I  and  III 
does  not  have  a  zero  at  0°.  the  m  =  1  mode  of  a  wave¬ 
guide  confined  to  the  mesa  is  not  an  adequate  description 
of  the  laser.  Although  there  is  no  structural  variation  in 
the  center  of  the  mesa  to  form  two  waveguides  in  the 
mesa,  a  carrier-induced  reduction  of  the  index  of  refrac¬ 
tion  at  the  center  of  the  mesa,  where  the  optical  field  is  a 
minimum,  can  form  two  waveguides  in  the  mesa  [23]. 
The  far  field  implies  that  two  coupled  waveguides  are 
formed  on  the  mesa  If  two  coupled  waveguides  are 
formed,  it  is  possible  for  them  to  couple  in  or  out  of  phase 
(24)  The  observed  far-field  pattern  probably  results  from 
a  superposition  of  the  in-phase  mode,  which  has  a  single 
peak  at  0°.  and  the  out-of-phase  mode,  which  has  two 
peaks  at  +16°  and  a  null  at  0°,  for  a  center-to-center 
spacing  of  1.5  ^m  ( 13],  which  is  the  distance  between  the 
peaks  on  the  mesa  The  variation  of  the  depth  of  the  min¬ 
imum  at  0°  for  different  diodes  results  from  a  variation  in 
the  fraction  of  power  in  each  of  the  two  modes.  We  have 
observed  that  it  is  more  difficult  to  force  a  zero  in  the 
center  of  a  smaller  mesa  since  the  entire  mesa  experiences 
gain.  Thus,  for  lasers  from  wafer  III  with  smaller  mesas, 
the  in-phase  mode  is  expected  to  dominate,  and  the  min¬ 
imum  at  0°  is  washed  out  1 24 1 

For  lasers  from  wafer  II.  the  calculation  shows  that  the 
smaller  real  index  step  A/totr(  y)  between  the  mesa  or 
groove  regions  and  the  bent  regions  results  in  reduced 
sensitivity  of  the  near  held  to  asymmetry  between  the 
mesa  and  the  groove.  For  a  laser  from  wafer  II  with  the 
same  mesa  and  groove  widths  as  for  the  lasers  from  wafer 
I.  the  calculated  near-field  pattern  of  both  the  m  =  0  mode 
and  the  m  =  1  mode  has  substantial  emission  in  the 
grooves.  The  m  =  0  mode  is  shown  in  Fig  9  This  cal¬ 
culation  agrees  qualitatively  with  the  observed  reduced 
emission  in  the  grooves  relative  to  the  mesas  of  lasers 
from  wafer  II  There  may  also  be  a  nonuniformity  in  gain 
between  the  mesa  and  groove  regions,  but  the  sponta¬ 
neous  emission  near-field  pattern  indicates  that  the  gain 
variation  is  not  as  great  as  in  lasers  from  wafers  I  and  III. 
A  waveguide  similar  to  the  one  described  in  Fig.  6  is 
formed  in  the  bent  regions,  and  this  emission  was  also 
observed  in  lasers  from  wafer  II. 

There  are  many  allowed  higher-order  modes  of  the  real 
index  waveguide  described  by  the  profile  of  Fig  6.  and 
the  mode  which  is  selected  will  be  determined  by  the  rel¬ 
ative  threshold  gams  of  the  various  allowed  modes.  The 
refractive  index  profile  of  Fig  6  can  he  used  as  a  starting 
point  in  a  self-consistent  calculation  |25|  of  the  optical 
near-field  pattern  when  it  is  safe  to  assume  there  arc  no 
gain  or  carrier-induced  index  variations  across  the  width 
of  the  array.  The  starting  profile  should  include  the  gain 
vartation  between  the  mesa  and  groove  which  is  present 
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Fig  S  Calculmcd  lar-tield  pattern  tor  the  ncar-tield  pattern  of  Fig.  7.  tor 
lasers  from  wafer  I.  The  two  peaks  at  +9°  agree  with  the  measured  data 
of  Fig  3.  but  the  null  at  0°  does  not  agree,  which  indicates  that  two 
coupled  modes  are  oscillating  on  the  mesa,  not  the  m  =  I  mode 
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Fig  d  Calculated  near- Held  pattern  ol  the  •»  =  0  mode  tor  an  x.  =  0  40 
GBt^WH  laser  with  a  mesa  width  of  3  b  nm  and  a  groove  width  of  3  2 
am  t wafer  11)  More  emission  occurs  in  the  grooves  than  in  the  calcu¬ 
lated  near- Held  pattern  of  Fig  7  because  of  the  smaller  index  step  n.  - 
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below  threshold  lor  wafers  I  and  III  and  should  also  con¬ 
tain  gain  and  index  variations  in  the  bent  regions  caused 
by  different  growth  rates  in  the  bent  regions  [6j  As  the 
current  is  increased,  the  allowed  lateral  modes  will  begin 
to  appear,  the  actual  refractive  index  profile  will  deviate 
from  the  original  profile  of  Fig  6,  and  new  lateral  gain 
and  index  variations  will  be  established,  which  will  make 
it  possible  to  calculate  the  modal  threshold  gains  and  de¬ 
termine  the  actual  near-field  pattern.  For  example,  in  la¬ 
sers  from  wafer  I.  the  two-waveguide  structure  which 
seems  to  be  present  on  the  mesa,  as  indicated  by  the  far- 
field  patterns  of  those  lasers,  is  probably  formed  by  sclf- 
stabili/.ing  effects  [23|  since  a  dip  in  the  optical  field  is 
observed  well  below  threshold.  This  dip  is  formed  as  the 
m  -  1  mode  of  the  starting  index  profile  of  Fig.  6  grows. 
Furthermore,  the  stability  of  the  near-held  patterns  is 
probably  due  to  the  same  self-stabilizing  effects  ( 23 ) 
Similarly,  the  m  =  2  mode  in  the  groove  of  lasers  from 
wafer  II  develops  into  three  stable  self-focused  wave¬ 
guides  in  the  groove  of  lasers  from  wafer  II.  which  would 
account  tor  the  multiple  peaks  observed  in  the  grooves  of 
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lasers  from  wafer  II.  These  self-consistent  calculations, 
along  with  mode  gain  calculations,  must  be  carried  out  in 
order  to  explain  why  the  different  laser  structures  select 
different  modes.  Such  calculations  are  beyond  the  scope 
of  this  work. 

V  Conclusion 

In  conclusion,  we  have  investigated  the  effects  of  the 
structural  parameters  on  the  operating  characteristics  of 
nonplanar  laser  arrays  fabricated  by  MOCVD  by  compar¬ 
ing  the  characteristics  of  lasers  from  three  different  wa¬ 
fers.  The  lowest  threshold  current  density  and  highest  ef¬ 
ficiency  are  obtained  from  lasers  having  a  GBQWH 
structure  and  a  high  confining  layer  aluminum  composi¬ 
tion  of  .c,  =  0.85.  The  efficiency  of  nonplanar  lasers  rel¬ 
ative  to  broad-area  lasers  fabricated  from  the  same  wafer 
depends  on  the  near-held  pattern  and  is  lowest  if  emission 
is  totally  suppressed  in  either  the  mesas  or  the  grooves. 
There  are  two  effects  which  will  confine  the  emission  to 
the  mesa  region  or  the  groove  region.  First,  the  emission 
will  tend  to  be  confined  to  the  wider  of  the  two  regions 
because  of  real  index-guiding  effects,  which  are  calcu¬ 
lated  in  Section  IV.  This  effect  is  more  pronounced  for 
lasers  with  high  aluminum  composition  confining  layers 
because  of  the  larger  effective  index  step  for  such  lasers. 
Second,  the  emission  will  tend  to  he  confined  to  a  region 
of  higher  gain.  The  effect  of  gain  variations  between  the 
mesa  and  groove  regions  is  more  important  than  the  effect 
of  having  different  widths  in  the  mesa  and  groove  regions, 
as  evidenced  by  the  lasers  from  wafer  III.  which  emit  in 
the  mesa  region  despite  the  fact  that  the  mesa  region  is 
narrower  than  the  groove  region.  The  relative  emission 
between  the  mesa  and  groove  regions  is  very  sensitive  to 
variations  in  current  injection  into  the  mesa  and  groove 
regions  since  the  gain  is  a  highly  sensitive  function  of 
injection  current  in  single-quantum-well  lasers  [22).  The 
lateral  index  step  which  confines  the  optical  field  to  the 
mesa  is  a  strong  function  of  the  confining  layer  aluminum 
composition  r, .  The  larger  index  step  in  lasers  with  a  high 
confining  layer  aluminum  composition  of  x,  =  0.85  pre¬ 
vents  coupling  between  elements,  hut  the  lower  index  step 
for  devices  with  x.  =  0  40  allows  the  elements  to  be  phase 
locked,  explaining  the  sharp  peaks  observed  in  the  far- 
held  pattern  of  such  lasers.  In  order  to  design  a  laser  which 
will  emit  with  equal  intensity  in  both  the  mesa  and  groove 
and  thus  maximize  the  efficiency  of  ihe  laser,  it  is  nec¬ 
essary  to  control  the  relative  widths  of  the  mesa  and 
groove  regions  and  the  relative  gain  distribution  between 
the  groove  and  mesa. 
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Impurity  induced  disordered  quantum  well  heterostructure  stripe  geometry 
lasers  by  MeV  oxygen  implantation 
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Data  are  presented  on  stripe  geometry  AlGaAs-GaAs  graded  barrier  quantum  well 
heterostructure  lasers  formed  by  MeV  oxygen  implantation  and  annealing.  Low-dose  implants 
are  found  to  suppress  lateral  carrier  diffusion  but  do  not  result  in  compositional  disordering. 

High-dose  implants  form  both  a  semi-insulating  and  a  compositionally  disordered  region 
leading  to  index-guided  buried-heterostructure  laser  operation.  However,  the  concentration  of 
oxygen  which  spreads  laterally  under  the  implantation  mask  during  high-dose  implants  is 
sufficient  to  partially  compensate  the  stripe  region  for  narrow  stripe  widths  and  thereby 
significantly  increases  the  threshold  current. 


In  recent  years,  considerable  interest  has  been  shown  in 
impurity-induced  compositional  disordering  of  III- V  com¬ 
pound  semiconductor  devices  especially  in  efforts  directed 
towards  fabricating  index-guided  buried-heterostructure 
( BH )  lasers. '  It  has  been  previously  reported  that  a  compo- 
sitionally  averaged  region  may  be  formed  by  either  diffusion2 
or  implantation'  ’  of  species  such  as  Zn,  Si,  Ga.  AI,  and  O 
into  AlGaAs-GaAs  heterostructures.  Implantation  has  also 
been  employed  to  eliminate  leakage  current  in  laser  struc¬ 
tures  by  the  chemical  and  damage  effects  of  O,  Fe.  and  H 
implantation."-1 :  In  this  letter  we  report  the  fabrication  of 
BH  graded  barrier  quantum  well  (GBQW)  lasers  by  MeV 
oxygen  ion  implantation  in  which  we  utilize  the  composi¬ 
tionally  disordering  and  semi-insulating  characteristics  of 
oxvgen-implanted  AIGaAs  layers.  We  observe  that  low-dose 
implants  ( lO'^-lO18  cm  :)  are  sufficient  to  eliminate  leak¬ 
age  current  in  laser  devices  by  the  formation  of  a  semi-insu- 
lating  region  but  insufficient  to  induce  compositional  disor¬ 
dering,  thus  resulting  in  gain-guided  laser  operation. 
High-dose  implants  ( 10' 7  cm  _:)  are  able  to  induce  compo¬ 
sitional  disordering  and  hence  index-guided  laser  operation 
but,  as  a  consequence  of  the  lateral  distribution  of  oxygen 
under  the  implantation  mask,  also  partially  compensate  the 
stripe  region  thereby  greatly  increasing  the  threshold  cur¬ 
rent  for  narrow  stripe  widths  (  <  5 /im). 

A  GBQW  heterostructure  laser"  14  was  grown  in  an  at¬ 
mospheric  pressure  metalorganic  chemical  vapor  deposition 
(MOCVD)  reactor"  at  a  temperature  of  800  °C  on  a  Si- 
doped  GaAs  n  ( 100)  substrate.  The  laser  structure  consists 
of  a  0.25  /am  GaAsm  buffer  layer,  a  0.5  /am  linearly  graded 
(0.0-...X  0.85)  Al,Ga,  ,As :n  buffer  layer,  a  1.0  /am 
AI,,„,Ga,, ,,  As:at  confining  layer,  a  1200  A  parabolically 
graded  (0.85  >.r>0.20)  AI.Ga,  ,As:n  layer,  a  50  A 
GaAs.w  quantum  well,  a  1200  A  parabolically  graded 
(0  20-  x  .0.85)  Al,Ga,  ,  As .p  layer,  a  0.85  /am 
AI,,  ^  Ga,,  l5  As:/?  confining  layer,  a  0.2/am  GaAs:/? '  contact 
layer,  and  aO.I/am  Al„  wGa„  Jn  As;/?  implantation  mask  lift¬ 
off  layer.  Following  MOCVD  growth,  the  sample  was  pat¬ 
terned  with  a  variable  stripe  width  Pb/Cr/Au  (1.25 
/a m/0  035  /am/0.53  /am  )  metal  implantation  mask  by  con¬ 
ventional  photolithography  and  lift-off  techniques.  Ion  im¬ 
plantation  was  performed  using  a  Van  de  Graaff  accelerator 


at  a  fixed  beam  energy  ( 1  MeV),  current  (100  nA),  and 
implant  temperature  (26°C)  resulting  in  the  structure 
shown  in  Fig.  1.  The  dose  for  different  samples  was  varied 
between  10'4  and  1017  cm  :.  Following  implantation,  the 
Alo^Ga^As  lift-off  layer  was  selectively  etched  away"’  in 
hydrochloric  acid,  removing  the  metal  mask  in  the  process, 
but  without  damaging  the  underlying  structure.  Capless  an¬ 
neals  of  the  implanted  samples  were  performed  in  the 
MOCVD  reactor  under  an  arsine  overpressure  at  850  °C  for 
45  min.  SiO, -defined  stripe  geometry  lasers  of  various 
widths  were  also  fabricated  from  the  same  MOCVD  grown 
wafer,  for  comparison  to  the  oxygen-implanted  lasers.  Al¬ 
loyed  Ge/Au  contacts  were  formed  on  the  back  of  the  sub¬ 
strate  and  nonalloved  Cr/ Au  contacts  were  formed  on  top  of 
the  structure.  Uncoated  devices  wt.e  tested  by  using  a  2  kHz 
pulsed  current  with  a  pulse  length  of  i.5  us.  Output  power 
was  measured  using  a  calibrated  silicon  photodiode  and  the 
near-  and  far-field  radiation  patterns  were  measured  using  a 
silicon  photodiode  array  as  input  into  a  digitizing  oscillo¬ 
scope. 

In  Fig.  2,  the  threshold  current  ( /,,,  )  versus  stripe  width 
for  high-dose  (10r  cm”:)  oxygen-implanted  stripe  lasers 
(cavity  length  457  gm)  is  shown  as  solid  circles.  For  com¬ 
parison,  the  threshold  current  versus  stripe  width  for  406- 
/rm-long  SiO. -defined  oxide  stripe  lasers  made  from  the 
same  starting  material  is  also  plotted  as  open  circles  in  Fig.  2. 
In  the  range  of  stripe  widths  from  50  to  6  qm.  the  threshold 
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FIG  I  Schematic  cross  section  of  f he  graded  harrier  quantum  well  hetero- 
structure  laser  grown  by  MOCVD  used  in  this  study  The  region  of  the 
oxygen  implantation,  including  the  extent  of  lateral  spreading  of  the  oxygen 
under  the  implantation  mask,  defines  an  effective  stripe  width 
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FIG.  2.  Threshold  current  vs  stripe  width  for  both  oxygen-implanted  grad¬ 
ed  barrier  quantum  well  heterostructure  lasers  ( I  O'  'em  ;  dose,  closed  cir¬ 
cles  )  and  SiO.  -defined  stripe  lasers  ( open  circles )  The  cavity  length  of  the 
oxygen  implanted  lasers  is  457  pm  and  the  length  of  the  SiO-  defined  stripe 
lasers  is  406  pm. 
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current  of  the  oxygen-implanted  stripe  lasers  decreases 
slightly.  However,  for  narrower  stripe  widths  (  <  5  /tm ) ,  the 
threshold  current  of  these  lasers  rises  rapidly  with  decreas¬ 
ing  stripe  width.  The  threshold  current  of  the  conventional 
oxide-defined  stripe  lasers  is  higher  overall  and  decreases 
approximately  linearly  with  decreasing  stripe  width  down  to 
the  narrower  stripe  widths  after  which  it  is  nearly  indepen¬ 
dent  of  width.  Although  the  cavity  lengths  of  the  oxide-de¬ 
fined  stripe  lasers  and  the  oxygen-implanted  lasers  of  Fig.  2 
are  different,  this  difference  leads  only  to  a  negligible 
(  ~  5 % )  error  in  the  oxide  stripe  laser  threshold  currents. 
The  emission  wavelength  (A  =  8220  A )  is  the  same  for  both 
the  oxygen-implanted  lasers  and  the  SiO, -defined  lasers.  In 
the  high-dose  ( 10'7  cm’2)  oxygen-implanted  lasers,  funda¬ 
mental  mode  operation  is  observed  in  the  near-field  and  far- 
field  radiation  patterns  from  laser  threshold  to  more  than 
five  times  the  threshold  current  as  illustrated  in  Fig.  3,  which 
shows  the  near-field  and  far-field  patterns  for  a  high-dose 
oxygen-implanted  laser  (8/tm  width,  457 /tm  length)  The 


FIG  3  (a)  Near-field  and  (b)  far-field  radiation  patterns  at  threshold  (27 
mA)  and  5  5  times  threshold  ( 150  mA)  for  an  oxygen-implanted  graded 
barrier  quantum  well  heterostructure  laser  ( I0'’cm  dose,  length  457^m, 
width  8^im)  The  small  amount  of  structure  evident  in  the  data  is  an  artifact 
of  the  digitation. 


small  amount  of  structure  evident  in  the  data  of  Fig.  3  is  an 
artifact  of  the  digitation.  At  lower  implant  doses,  the  7lh 
versus  stripe  width  data  are  essentially  the  same  as  those 
shown  in  Fig.  2.  However,  no  evidence  of  index-guided  laser 
operation  is  observed  in  the  near-field  and  far-field  patterns 
for  samples  irradiated  at  lower  doses  or  in  the  SiO,  -defined 
stripe  lasers. 

As  we  reported  previously,  high-dose  oxygen  implanta¬ 
tions  (  ~  10' 7  cm-2)  are  necessary7  to  induce  compositional 
disordering  in  AlGaAs-GaAs  heterostructures.  Lower  dose 
implants  show  no  evidence7  of  any  compositional  intermix¬ 
ing  as  observed  by  secondary-ion  mass  spectrometry 
(SIMS)  measurements.  Thus,  it  is  entirely  expected  that  in¬ 
dex  guiding  is  observed  only  in  the  high-dose  ( 10'7  cm-2) 
implanted  samples.  Favennec'7  has  demonstrated  that  im¬ 
plantation  of  high  doses  of  oxygen  into  n-type  GaAs  yields 
highly  resistive  material  which  is  thermally  stable  at  anneal 
temperatures  up  to  900  °C.  In  our  earlier  work7  and  in  the 
work  by  Pearton  et  a/.18  similar  effects  in  p-type  and  n-type 
AlGaAs,  attributed  to  deep  level  Al-O  complexes,  were  re¬ 
ported.  As  a  consequence,  the  effective  stripe  width  oflasers 
fabricated  by  oxygen  implantation  is  significantly  smaller 
than  corresponding  SiO,  defined  stripe  lasers  since  lateral 
current  spreading  is  eliminated  by  the  semi-insulating  prop¬ 
erties  of  the  oxygen  implantation.  In  these  studies  we  have 
found  that  even  a  low  dose  ( 10  14  cm’2)  of  oxygen  implant¬ 
ed  into  highly  doped  AlGaAs  layers  is  sufficient  to  make  the 
layers  semi-insulating.  It  follows  that  the  effective  semi-insu¬ 
lating  region  of  higher  dose  oxygen  implantations  will  en¬ 
croach  into  the  masked  region  of  a  sample  due  to  the  lateral 
spread  of  the  implant  species  under  the  mask.  Hence,  the 
total  effective  stripe  of  oxygen-implanted  devices  is  signifi¬ 
cantly  smaller  than  the  width  delineated  by  the  implantation 
mask,  as  shown  in  Fig.  1.  As  a  result,  the  oxygen-implanted 
laser  devices  have  a  lower  threshold  current  than  corre¬ 
sponding  Si02 -defined  stripe  lasers.10  For  very  high  dose 
implantations  and  narrow  stripe  widths,  the  spread  of  the 
oxygen  under  each  edge  of  the  mask  will  overlap  under  the 
stripe  giving  rise  to  a  substantial  increase  in  the  threshold 
current  as  observed  in  the  oxygen-implanted  laser  threshold 
data  for  stripe  widths  below  5  /tm  shown  in  Fig.  2. 

In  this  letter  we  have  presented  data  on  stripe  geometry 
AlGaAs-GaAs  BH  GBQW  lasers  fabricated  by  MeV  oxy¬ 
gen  implantation.  In  order  to  obtain  index-guided  laser  oper¬ 
ation,  high-dose  ( 1017  cm  ’ 2 )  implantations,  which  intermix 
the  AlGaAs-GaAs  layers  outside  of  the  stripe  and  eliminate 
lateral  current  spreading,  are  required.  The  index-guided  la¬ 
sers  thus  formed  operate  in  the  fundamental  lateral  mode 
from  the  lasing  threshold  to  over  five  times  the  threshold 
current.  However,  the  high-dose  implants  are  accompanied 
by  a  significant  lateral  distribution  of  oxygen  under  the  im¬ 
plantation  mask.  For  the  dose  required  to  induce  composi¬ 
tional  disordering,  the  lateral  spread  of  implanted  oxygen 
partially  compensates  a  significant  portion  of  the  laser  stripe 
for  narrow  stripe  widths  (  <5  pim)  and,  consequently,  the 
threshold  current  increases  substantially  for  these  widths. 
Low-dose  implants  are  found  to  compensate  carriers  and 
thereby  suppress  lateral  carrier  diffusion  but  are  insufficient 
to  induce  compositional  disordering. 
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MeV  implantation  masking  using  an  aluminum  gallium  arsenide  metal 
liftoff  layer 

M.  M.  Ghadiri,31  R.  P.  Bryan,  L.  M.  Miller,  T.  Tang,  M.  E.  Givens,  T.  A.  DeTemple, 
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Compound  Semiconductor  Microelectronics  Laboratory.  University  of  Illinois  at  Urbanu-Champau>n. 
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An  alternative  masking  method  for  high-voltage  ion  implantation  masking  of  compound 
semiconductors  which  incorporates  an  additional  AlGaAs  layer  between  a  Pb/Cr/Au  metal 
mask  and  the  sample  to  be  implanted  is  described.  Following  patterning  by  conventional 
techniques  and  implantation,  the  AlGaAs  layer  is  selectively  etched  to  remove  the  metal  mask 
without  damaging  the  underlying  epitaxial  structure. 


Ion  implantation  is  a  standard  technique  in  the  fabrica¬ 
tion  process  of  advanced  microelectronic  devices  as  a  conse¬ 
quence  of  the  inherent  capability  to  accurately  control  the 
introduction  of  dopants  and  to  induce  compositional  disor¬ 
dering1  of  heterostructures.  High-energy  (MeV)  implants 
have  recently  become  important  in  several  optoelectronic 
applications,  such  as  semiconductor  lasers,  optical  wave¬ 
guides,  and  integrated  optics. ;  !  Masking  layers  are  neces¬ 
sary  in  order  to  selectively  control  the  area  into  which  ions 
are  introduced.  Metals  such  as  AI.  dielectrics  such  as  SiO> 
and  Si  ,N,,  and  photoresists  are  commonly  used  as  mask  ma¬ 
terials.1'  The  use  of  a  metal  mask  may  present  difficulties 
due  to  chemical  bonding  between  the  metal  and  the  GaAs. 
Furthermore,  the  substances  and  processes  necessary  for  re¬ 
moval  of  the  mask  may  damage  the  structure  Implantation 
at  high  doses  and  energy  may  result  in  target  temperature 
increases  which  induce  chemical  changes  in  photoresist 
masks,  effectively  reducing  the  thickness  of  the  photoresist 
and  making  removal  difficult  Because  a  thick  layer  of  di¬ 
electric  will  often  crack,  dielectric  masks  are  not  reliable  for 
high-energy  implantation  applications.  In  order  to  sur¬ 
mount  these  difficulties  associated  with  masking  for  high- 
energy  ion  implantation,  we  have  developed  a  novel  method 
to  fabricate  a  reliable,  easily  removed  implantation  mask.  As 
an  integral  part  of  the  process,  the  heterostructure  sample  is 
grown  with  an  additional  high  composition  AlGaAs  metal 
liftoff  layer  above  the  desired  structure  To  define  the  device 
geometry,  a  thick  metal  mask  is  patterned  by  a  conventional 
photoresist  liftoff  process.  Following  implantation  the 
AlGaAs  layer  is  selectively  etched  away,  removing  the  metal 
mask  in  the  process  but  without  damaging  the  underlying 
structure. 

In  order  to  highlight  the  characteristics  of  this  process, 
a  special  sample  was  prepared  by  atmospheric  pressure 
rnetalorganic  chemical  vapor  deposition  "  The  structure, 
grown  on  a  i  100)  GaAs  n  substrate,  consists  of  a  0.5  iim 
GaAs  buffer  layer,  a  5(X)  A  AlAs  layer,  a  0.5  //m  GaAs  layer, 
and  a  I  /im  AI,,„Ga,,4  As  layer  The  AlAs  layer  is  included 
for  reference  as  a  marker.  This  marker  layer  facilitates  a 
comparison  of  the  cross  section  before  and  alter  selective 
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etching  of  the  AlGaAs  metal  liftoff  layer.  The  AlGaAs  layer 
is  much  thicker  for  these  demonstration  samples  than  is  nec¬ 
essary  for  post-implantation  mask  removal  in  order  to  be 
clearly  visible  in  scanning  electron  micrographs.  The  pro¬ 
cess  has  been  successfully  implemented  for  AlGaAs  layers  of 
less  than  1000  A.  The  AI  content  of  the  AlGaAs  has  been 
chosen  as.v  -  O.bO  to  yield  a  short  post-implantation  etching 
time  while  minimizing  oxidation  of  the  AlGaAs  layer. 

The  processing  steps  described  here  do  not  place  a  limi¬ 
tation  on  the  materials  used  to  form  the  metal  mast  How¬ 
ever.  we  have  compared  several  materials  combinations  on 
the  basis  of  stopping  power,  difficulty  of  evaporation  of  lay¬ 
ers  of  sufficient  thickness,  ease  of  liftoff,  and  expense.  We 
have  found  that  a  multilayer  metal  mask  consisting  of  Pb/ 
Cr/Au  best  meets  the  requirements  listed  above.  A  mask  of 
pure  gold,  in  addition  to  being  expensive,  is  difficult  to  pro¬ 
cess  due  to  inconsistencies  associated  with  using  a  conven¬ 
tional  liftoff  process  to  define  the  mask  pattern.  Similarly,  a 
pure  lead  mask  has  been  found  to  be  porous,  allowing  pene¬ 
tration  ;if  the  implanted  species  into  undesired  areas.  The 
Pb/Ci  Au  combination  provides  the  required  stopping 
power  with  a  thinner  Au  layer.  Figure  I  is  a  scanning  elec¬ 
tron  micrograph  cross  section  of  a  masked  region  of  the  sam- 


MG  l  Si.annmc  electron  microcraph  jow- section  inune  ’f  an  AlGaAs- 
( Ja  As  heterostructure  wifh  in  evaporated  Ph  t'r  Au  rnefaJ  mask  The 
AlAs  la\cr  serves  is  ,i  marker  for  demonsir aiit'n  purposes  the 
AI  ,  Oa,,  ,„As  metal  liftoff  laser  is  much  thicker  than  necess.irs 
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FIG  2  Scanning  electron  micrograph  cross-section  image  of  the  sample  of 
Fig.  1  after  the  AIGaAs  metal  liftoff  layer  has  been  selectively  removed  In 
the  process,  the  metal  mask  is  also  completely  removed  without  disturbing 
the  underlying  GaAs  layer. 


pie  after  deposition  of  the  Pb/Cr/Au  (12000  A/300  A/1000 
A)  mask  by  conventional  thermal  evaporation  and  photore¬ 
sist  liftoff.  Following  the  implantation,  the  removal  of  the 
metal  mask  and  the  AIGaAs  cap  layer  is  accomplished  sim¬ 
ply  by  etching  the  sample  in  hydrochloric  acid  for  5  min.  As 
shown  in  Fig.  2,  both  the  metal  mask  and  the  AIGaAs  cap 
layer  are  completely  removed.  The  HC1  completely  etches 
the  AIGaAs  metal  liftoff  layer,  undercutting  the  metal  mask, 
and  causing  the  metal  mask  to  lift  off  The  removal  of  the 
implantation  mask  takes  place  without  damage  to  the  sur¬ 
face  of  the  underlying  structure,  since  HC1  selectively  etches 
AIGaAs.  Examination  of  the  surfaces  under  lower-power 


optical  microscopy  shows  clear  featureless  surfaces  after 
etching. 

In  summary,  we  have  described  a  novel  process  to  fabri¬ 
cate  a  reliable,  easily  removed  mask  for  high-energy  and 
high-dose  ion  implantation.  The  sample  to  be  implanted  is 
grown  with  an  additional  AIGaAs  metal  liftoff  layer  as  the 
surface  layer,  upon  which  a  metal  mask  is  patterned  by  con¬ 
ventional  photoresist  liftoff  techniques.  Following  implanta¬ 
tion,  the  AIGaAs  metal  liftoff  layer  and  the  metal  mask  are 
removed  by  selectively  etching  the  AIGaAs  with  HC1.  Due 
to  the  selective  nature  of  HC1  the  underlying  epitaxial  struc¬ 
ture  is  left  undamaged  during  the  removal  of  the  metal  mask. 

This  work  was  supported  by  the  National  Science  Foun¬ 
dation  Engineering  Research  Center  for  Compound  Semi¬ 
conductor  Microelectronics  (CDR-85-22666),  Material 
Research  Laboratory  (DMR-86- 12860),  and  the  Naval  Re¬ 
search  Laboratory  (N00014-88-K-2005). 
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(g0uAs ).  and  the  TMGa  vapor  pressure  (pG )  allows  calcula¬ 
tion2'  of  the  vapor  pressure  of  EDMIn,  pn  from 

8  =  k(pf;F<;  +  p,F, )  =  gGuAs  +  g,llA.  ( 1 ) 

and,  eliminating  the  chamber-dependent  geometrical 
growth  constant  k, 

£  =  So»as(1  +P,fr,/pcFc)-  (2) 

The  InGaAs  growth  rate  g  obtained  from  TEM  data  for 
these  samples  is  —  93  A/min.  F,  and  Fc  are  the  EDMIn  and 
TMGa  mass  flow  rates  and  the  vapor  pressure  of  TMGa24 
at  —  10 'C  is  39.33  Torr.  From  these  data  we  calculate  a 
vapor  pressure  for  EDMIn  of  0.56  Torr  at  11  °C  This  is 
consistent  with  the  reported  values  ofO-T1'' Torr  at  18  °C  and 
0.85 17  Torr  at  17  °C.  The  composition  for  these  InGaAs  lay¬ 
ers  (x  =  0.25)  was  then  extracted  from  the  molar  ratio  of  the 
column  III  constituents x  —  p,F,/(piF,  +  pnFc). 

Quantum  well  thickness  as  a  function  of  growth  time  is 
shown  in  Fig.  1  for  samples  having  nominally  40, 70, 80, 100, 
120,  and  140  A  wells.  There  were  two  separate  growth  runs 
for  each  of  the  80  and  120  A  quantum  wells.  From  these  data 
it  is  clear  that  the  growth  rate  of  InGaAs  using  EDMIn  is 
linear  with  growth  time,  indicating  complete  saturation  of 
the  vapor.  Additionally,  the  repeatability  of  a  particular 
structure  is  evidenced  by  the  two  sets  of  80  and  120  A  quan¬ 
tum  wells.  Growth  rates  for  identical  samples  grown  at  575, 
625,  and  675  “C  did  not  appear  to  vary  with  temperature. 

This  collection  of  samples  was  grown  over  a  six  month 
period  to  evaluate  the  long-term  stability  of  EDMIn.  There 
has  been  some  speculation  that  EDMIn  may  rapidly  decom¬ 
pose  into  its  constituents,  namely,  TMIn  and  TEIn,  within 
the  bubbler  over  time  or  when  introduced  into  the  source  gas 
lines  if  maintained  at  a  higher  temperature  than  the  bubbler. 
This  would  probably  lead  to  run-to-run  irreproducibility 
and  long-term  instability  caused  by  an  evolving  vapor  pres¬ 
sure.  Fry  era/. 17  observed  with  mass  spectrometry,  however, 
that  EDMIn  consists  of  only  a  single  compound,  with  no 
trace  of  TMIn  or  TEIn.  We  have  observed  stable  InGaAs 
growth  rates  over  a  six  month  period  for  the  growth  condi¬ 
tions  described  above,  as  illustrated  in  Fig.  2.  During  this 
time  period  a  large  number  of  other  InGaAs  heterostructure 
samples  were  also  grown.  These  data  indicate  that  EDMIn 


Growth  Time  (sec) 


FIG  I  In., ..  Ga,, .,  As  quantum  well  width  vs  layer  growth  time  at  625  *C 
The  growth  rate  for  each  of  these  wells  was  63  A/mm  for  EDMIn  and 
TMGa  mass  flow  rales  of  44  2  and  2  seem,  respectively 


Time  (Days) 

FIG  2.  in,, Ga,  „  As  growth  rates  over  the  period  of  approximately  six 
months  for  EDMIn  and  TMGa  mass  flow  rates  of  44  2  and  2  seem,  respec¬ 
tively. 


has  a  stable  vapor  pressure  over  the  time  frame  studied  and  it 
seems  likely,  based  on  our  continued  use  of  EDMIn,  that  it 
has  a  stability  similar  to  that  observed  for  TMGa  and  TM  Al. 

In  general,  the  growth  rate  is  linear  with  the  column  III 
precursor  mass  flow  rate23  in  the  diffusion-limited  growth 
regime  ( T  >  575  °C ) .  In  a  subsequent25  and  otherwise  identi¬ 
cal  laser  series,  the  quantum  well  thickness  was  kept  con¬ 
stant  at  70  A  while  the  composition  was  varied  from 
In^o,  Ga^,,  As  to  Ino^Ga^,,  As  by  changing  the  EDMIn 
mass  flow  rate  from  —  1 1  to  102  seem.  The  emission  wave¬ 
lengths  for  these  lasers  matched  those  predicted  from  com¬ 
position  and  thickness  data  using  the  vapor  pressure  data 
obtained  here  for  EDMIn.  This  implies  linearity  in  growth 
rate  also  with  flow  rate  for  EDMIn. 

The  performance  of  these  structures  as  lasers  is  a  key 
indicator  of  the  quality  of  the  EDMIn  source.  We  have  seen 
no  clear  difference  in  laser  threshold  current  densities  for 
strained-layer  lasers  grown  with  either  TMIn  or  EDMIn 
and  routinely  observe  values  in  the  range  of  200-400  A/cm2 
for  these  single-well  structures.  The  lowest  threshold  cur¬ 
rent  density  observed  for  all  of  the  single-well  strained-layer 
lasers  we  have  fabricated  is  127  A/cm2  (955  pm  cavity,  100 
A  In^^Ga*,,,  As  well)  from  a  laser  grown  using  EDMIn. 
Threshold  current  densities  for  various  cavity  lengths  for 
this  same  laser  structure  are  shown  in  Fig.  3. 


Cavity  Length  (urn) 

FIG  3.  Threshold  current  densities  for  various  cavity  lengths  for  an 
In,, ..  Ga.,  ,  As-GaAs-AI,,  ,Ga.,.,,As  separate-confinement  strained-layer 
laser  with  a  100  A  quantum  well 
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Ethyldimethylindium  for  the  growth  of  InGaAs-GaAs  strained-layer  lasers 
by  metaiorganic  chemical  vapor  deposition 
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The  growth  and  characterization  of  strained  In„:5Ga<),,As-GaAs-Aln:oGa„HOAs  quantum 
well  lasers  grown  by  metaiorganic  chemical  vapor  deposition  using  ethyldimethylindium 
( EDMIn )  are  described.  A  vapor  pressure  of  0.56  Torr  at  1 1  °C  has  been  extracted  from  the 
growth  rates  of  thin  InGaAs  layers  by  transmission  electron  microscopy.  Data  on 
reproducibility  in  quantum  well  size  are  presented  which  indicate  long-term  stability  in  the 
EDMIn  vapor  pressure.  Laser  performance  in  samples  grown  with  EDMIn  is  equivalent  to, 
and  in  some  cases  better  than,  those  grown  with  trimethylindium. 


Recently,  interest  in  strained-layer  InGaAs-GaAs- 
AlGaAs  materials  has  risen  dramatically  as  a  consequence 
of  the  demonstration  of  high  performance1'"  and  long- 
lived'4- 1 1  lasers.  The  consistency  with  which  these  lasers  can 
be  grown  by  metaiorganic  chemical  vapor  deposition 
(MOCVD)  seems  to  be  limited  only  by  the  reproducibility 
of  the  vapor  pressure  of  the  indium  precursor.  Many 
groups13'1'1  have  been  successful  in  the  use  of  trimethylin¬ 
dium  (TMIn),  which  is  a  solid,  at  both  atmospheric  and  low 
pressure,  generally  by  operating  the  source  and  associated 
gas  lines  at  elevated  temperatures.  However.  TMIn  is 
known1'’ |l*  to  convert  from  a  powder  to  very  large  crystals 
over  the  period  of  a  few  months,  thereby  continually  reduc¬ 
ing  the  surface  area  available  for  sublimation.  This  reduction 
in  surface  area  can  make  it  difficult  to  maintain  a  saturated 
vapor  for  high  flow  rates  or  over  long  growth  runs.  This 
results  in  a  lower  effective  vapor  pressure,  leading  to  a  reduc¬ 
tion  in  growth  efficiency  as  well  as  poor  composition  control 
and  irreproducibility.  Ethyldimethylindium  (EDMIn)  is  a 
relatively  new  organometallic  source  that  has  been  report¬ 
ed"’ 17  as  a  potential  replacement  for  TMIn.  The  compound 
is  comprised  of  an  indium  atom  bonded  to  two  methyl  radi¬ 
cals  (CH,)  and  a  single  ethyl  radical  (C:H,),  and  has  a 
vapor  pressure17  similar  to  TMIn.  In  contrast  to  TMIn. 
EDMIn  is  a  liquid  at  room  temperature,  presumably  free  of 
the  problems  associated  with  solid  sources.  Others"1  have 
used  the  liquid  tnethyiindium  (TEIn),  primarily  at  reduced 
pressure  because  of  its  tendency  to  parasitically  react  with 
the  hydrides.  A  major  advantage  of  EDMIn  over  TEIn  is 
that  it  has  a  vapor  pressure  that  is  approximately  an  order  of 
magnitude17  higher.  Bulk  Inn<lGa,,4,  As-InP  structures 
grown  with  EDMIn  have  been  characterized1'’ 17  structural¬ 
ly,  optically,  and  electrically  and  were  found  to  have  proper¬ 
ties  similar  to  samples  grown  with  TMIn.  To  our  knowledge, 
no  one  has  reported  the  growth  of  quantum  wells  or  device 
structures  using  EDMIn.  We  describe  here  the  growth  of 
GaAs-Al,,  ,„Ga,  „„  As  quantum  well  lasers  with  a  strained 
In,,  .<  Ga, As  active  region  grown  by  MOCVD  using 
EDMIn  as  the  indium  precursor  Data  on  reproducibility  in 
quantum  well  size  are  presented  which  indicate  long  term 
stability  in  the  EDMIn  source  vapor  pressure.  Additionally, 
we  have  extracted  a  vapor  pressure  for  EDMIn  which  is 
consistent  with  values17  found  by  others. 


Epitaxial  crystal  growth  was  carried  out  in  a  vertical 
reaction  chamber  at  atmospheric  pressure  using  trimethyl- 
gallium  (TMGa,  —  10 °C),  trimethylaluminum  (TMA1, 
20  °C),  and  EDMIn  ( 1 1  °C).  A  single  bottle  of  EDMIn  was 
used  in  this  study  and  was  purchased  from  Morton  Intema- 
tional-CVD,  Woburn,  MA.  No  special  selection,  specifica¬ 
tion.  additional  preparation,  or  purification  was  used.  Dieth- 
ylzinc  and  silane  were  used  for  p-  and  rt-type  dopants, 
respectively.  A  total  hydrogen  mass  flow  rate  of  10.2  slpm 
gave  a  chamber  gas  velocity  of  3.7  cm/s.  The  Inn  ;5  Ga,,  „  As 
layers  were  grown  with  TMGa  and  EDMIn  mass  flow  rates 
of  2  and  44.2  seem,  respectively,  and  a  V/III  ratio  of  147. 

The  laser  structures  described  in  these  experiments  are 
separate  confinement  quantum  well  heterostructures  with  a 
strained  InGaAs  active  region.  The  growth  consists  of  a  0.25 
pm  n  *-GaAs  buffer  layer  grown  on  a  ( 100)  GaAsm*  sub¬ 
strate,  1.5  pm  Al(),„Ga,M,)As  confining  layers,  a  2000  A 
GaAs  carrier  collection  and  optical  confinement  region  sur¬ 
rounding  the  active  layer,  and  a  0.2  pm  GaAs  p  *  cap  layer. 
Each  laser  structure  incorporates  a  single  In0,jGa,(75As 
quantum  well  with  a  thickness  ranging  between  40  and  140 
A.  The  buffer  layer  and  the  confining  layers  were  grown  at 
720  °C  while  the  temperature  was  lowered  during  the  growth 
of  the  GaAs  separate  confinement  region  to  625  ”C  for  the 
InGaAs  quantum  well.  After  growth  of  the  structure,  broad- 
area  lasers  were  fabricated  with  oxide-defined  150  pm 
stripes,  cleaved  into  individual  diodes,  and  tested  under 
pulsed  conditions  (1.5  ps  pulse  width.  2  kHz  repetition 
rate). 

Due  to  the  constraint  on  InGaAs  layer  thicknesses 
(  <  200  A )  imposed  by  misfit  strain  at  indium  compositions 
above  0.20,3”  bulk  crystal  measurements  of  composition  and 
growth  rates  are  not  possible.  Initial  rough  composition  data 
and  growth  rates  using  EDMIn  were  obtained  for  thick  lay¬ 
ers  of  near  lattice-matched  InGaAs-InP  Subsequently, 
transmission  electron  microscopy  (TEM)  was  used  to  deter¬ 
mine  the  quantum  well  thicknesses  for  the  present  laser 
structures.  Cross-sectional  specimens  were  prepared  using 
standard  thinning  and  mounting  techniques  and  examined 
( ( 1 10|  bright  field)31  ”  with  a  Philips  420  electron  micro¬ 
scope.  No  threading  or  misfit  dislocations  have  been  ob¬ 
served  in  any  of  these  cross-sectional  specimens.  Accurate 
knowledge  of  the  InGaAs  layer  thickness,  GaAs  growth  rate 
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In  summary,  we  have  investigated  the  growth  of 
strained-layer  quantum  well  lasers  using  EDMIn  as  the  indi¬ 
um  precursor.  There  is  no  indication  that  any  parasitic  gas 
phase  reactions  that  would  deplete  the  EDMIn  from  the  gas 
stream  are  occurring.  This  is  evidenced  by  linearity  in  the 
growth  rates  with  growth  time  and  flow  rate.  Also,  the  re¬ 
producibility  in  growth  rates  of  In0 ,5  Ga,,  75  As  demonstrates 
long-term  stability  in  the  vapor  pressure  of  this  source,  pre¬ 
sumably  due  to  the  fact  that  the  source  is  a  liquid.  This  indi¬ 
cates  that  ethyldimethylindium  is  stable  and  does  not  rapid¬ 
ly  decompose  into  the  potential  constituents,  trimethyl- 
indium  and  triethylindium.  Laser  performance  for  samples 
grow  n  with  EDMIn  is  equivalent  to,  and  in  some  cases  better 
than  those  grown  with  TMIn. 
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A  series  of  separate  confinement  In,Ga,  _x  As-GaAs  (0.08  <x  <0.42)  strained-layer  quantum 
well  lasers  with  70  A  well  thickness  has  been  grown  by  metalorganic  chemical  vapor 
deposition.  Data  are  presented  on  emission  wavelengths  and  threshold  current  densities  (Jth ) 
as  a  function  of  composition.  A  minimum  in  Jlh  of  140  A/cm:  was  observed  for  devices  with 
In^Gao  76  As  wells.  The  dependence  of  7,h  on  well  composition  is  explained  by  a  balance 
between  strain  effects  and  carrier  confinement  in  the  quantum  well. 


The  use  of  lattice-mismatched  thin  layer  structures  in 
which  the  strain  is  accommodated  elastically  allows  for 
greater  flexibility  in  the  design  of  semiconductor  devices. 
One  example  is  the  utilization  of  strained-layer  InGaAs  ac¬ 
tive  regions  in  AlGaAs/GaAs  heterostructure  laser  diodes 
to  increase  the  available  range  of  wavelengths  to  /l —1.1 
/urn.1'11  Reports  of  high-power  arrays,4,6  cw  reliability  test¬ 
ing,7,8  and  low  threshold  current  devices5,9-11  indicate  a 
strong  future  for  strained-layer  InGaAs-GaAs- AlGaAs  la¬ 
ser  diodes.  The  potential  use  of  these  strained-layer  lasers  in 
the  0.9-1. 1  fim  wavelength  range  for  such  applications  as 
pumping  Er3^ -doped  optical  fiber  amplifiers, 12  Nd:YAG  la¬ 
sers,  and  other  solid-state  hosts  calls  for  the  characterization 
of  these  structures  to  determine  the  range  of  practical  com¬ 
positions  and  well  sizes  for  a  particular  application.  In  this 
letter  we  report  wavelengths  and  threshold  current  densities 
of  broad-area  separate  confinement  heterostructure  (SCH) 
strained-layer  InGaAs  quantum  well  laser  diodes  with  70  A 
well  thickness  and  indium  fractions  ranging  from  0.08  to 
0.42.  The  emission  wavelengths  of  these  devices  agree  well 
with  values  calculated  from  a  model  which  accounts  for 
strain  and  quantum  size  effects.  A  minimum  in  threshold 
current  density  J th  is  observed  for  wells  with  an  indium  frac¬ 
tion  of  —  0.25,  and  devices  with  well  compositions  in  a  range 
0. 16  <  x  <0.30  around  this  "optimum”  composition  also  op¬ 
erated  with  acceptably  low  threshold  current  densities.  The 
trend  in  J,h  is  explained  by  a  balance  between  carrier  con¬ 
finement  in  the  quantum  well  and  strain  effects. 

The  laser  structures  described  here  were  grown  by 1 3  me¬ 
talorganic  chemical  vapor  deposition  (MOCVD)  at  atmo¬ 
spheric  pressure  in  a  vertical  geometry  reactor  using  ethyldi- 
methylindium,14  trimethylgallium,  trimethylaluminum, 
and  arsine.  Silane  and  diethylzinc  were  used  for  n-  and  p- 
type  dopants,  respectively.  Each  structure  consists  of  a  0.25- 
pm-thick  GaAs:n^  buffer  layer  grown  on  a  ( 100)  GaAs:n  + 
substrate,  n-andp-type  1.5-pm-thick  A^Ga^As  confin¬ 
ing  layers  surrounding  a  single  In.Ga,  ,As 
( 0.08  <  x  <  0.42 )  undoped  strained-layer  quantum  well  cen¬ 
tered  in  a  0.2-pm-thick  GaAs  Carrier  collection  layer,  and  a 
0.2  pm  GaAs:p  -  contact  layer.  Six  different  laser  structures 
were  grown  sequentially  with  nominal  In.Ga,  ,As  well 
compositions  of  x  =  0.08,  0. 16,  0.20,  0.24,  0.33,  and  0.42. 

Standard  processing  was  used  to  fabricate  150-pm-wide 


oxide-defined  stripes  on  each  sample.  The  substrates  were 
lapped  and  polished  to  a  thickness  of  approximately  1 25  pm, 
and  fl-type  contacts  were  formed  by  evaporating  250  A  Ge/ 
2000  A  Au  and  alloying  for  10  s  at  400  °C.  Nonalloyed  300  A 
Cr/1500  A  Au  contacts  were  evaporated  on  the p  side.  Var¬ 
ious  cavity  lengths  were  formed  by  cleaving,  and  the  result¬ 
ing  bars  were  cleaved  into  individual  diodes  for  testing.  De¬ 
vices  were  tested  under  pulsed  conditions  (1.5  ps  pulse 
width,  2  kHz  repetition  rate)  at  room  temperature. 

The  emission  wavelengths  of  devices  with  815-pm-Iong 
cavities  are  shown  as  circles  in  Fig.  1.  Devices  with  the  lar¬ 
gest  indium  fraction  in  this  study  (Ino^Gao  jgAs  wells) 
emitted  only  very  weak  spontaneous  emission  for  drive  cur¬ 
rents  up  to  2  A  and  we  were  unable  to  measure  the  wave¬ 
length  of  this  light.  There  is  good  agreement  between  the 
measured  wavelengths  and  the  calculated  values  represented 
by  the  line  in  Fig.  1.  The  calculation  of  wavelength  follows 
that  of  Pan  et  al., 15  and  accounts  for  both  quantum  size  ef¬ 
fects  and  the  strain-induced  shift  of  the  InGaAs  band-gap 
energy.  The  unstrained  band  gap  used  in  these  calculations 
is16 

Eg(In,Ga,  _,As)  =  1.42  —  1.61 5 jc  +  0.555jr  eV. 

All  other  material  parameters  were  from  Ref.  15.  A  70/30 
split  of  the  heterojunction  discontinuity  between  conduction 
and  valence  bands  was  assumed  in  the  calculation. 

The  measured  threshold  current  density  y,h  as  a  func¬ 
tion  of  well  composition  for  8 1 5-pm-long  devices  is  shown  in 
Fig.  2.  Note  that  all  devices  with  Itv^Ga,,  ,,  As  wells  failed 


FIG  1.  Calculated  and  experimental  emission  wavelengths  for  150x815 
fim1  devices  with  70  A  In,Ga,  ,  As  quantum  wells. 
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FIG  2.  Threshold  current  density  as  function  of  well  composition  for 
1 50  x  8 1 5  /xnr  devices  with  70  A  In,  Ga,  ,  As  quantum  wells. 


to  reach  threshold  at  2  A.  which  places  /,h  for  these  devices 
at  a  value  greater  than  1.6  kA/cnr,  which  is  off  the  scale  of 
Fig.  2.  The  trend  in  this  figure  is  the  same  for  all  cavity 
lengths  tested.  Figure  3  shows  the  variation  of/th  with  cavity 
length  for  devices  with  In^eGac^As  wells.  These  devices 
exhibit  the  usual  increase  in  /Ih  with  decreasing  cavity 
length  as  a  result  of  proportionally  increasing  end  losses. 

The  minimum  in  /,h  versus  composition  of  140  A/cm2 
at  an  indium  fraction  of  approximately  0.25  in  Fig.  2  is  ex¬ 
plained  by  the  consideration  of  two  effects.  For  low  indium 
fraction  in  the  wells,  the  carriers  are  poorly  confined,  while 
for  high  indium  fractions  the  effects  of  strain  result  in  in¬ 
creased  /,„ .  The  two  competing  effects  are  shown  in  Fig.  4. 
For  low  indium  fraction  in  the  wells,  the  confining  energy 
A£conf  between  the  bound  state  of  electrons  in  the  conduc¬ 
tion  band  and  the  GaAs  barriers  is  small.  A£conf  is  shown 
versus  well  composition  in  Fig.  4(a),  and  was  calculated 
from  the  same  model  as  the  wavelengths  of  Fig.  1 .  From  a 
simple  argument  concerning  carrier  distributions,  it  is  rea¬ 
sonable  to  expect  that  a  confining  energy  of  at  least  a  few  kT 
( —  75  meV)  is  necessary  to  have  good  carrier  confinement 
in  the  well.  Smaller  confining  energies  result  in  a  significant 
portion  of  the  electron  population  in  the  active  region  having 
energies  greater  than  the  barrier  height,  and  a  corresponding 
higher  density  of  electrons  in  the  barriers.  Similar  consider¬ 
ations  apply  to  the  confinement  of  holes  in  the  valence  band, 

!  ut  the  higher  density  of  states  reduces  the  effect.  Since  the 
barriers  have  a  much  larger  volume  than  the  well,  a  signifi¬ 
cantly  larger  current  density  would  then  be  required  *o  sup¬ 
ply  the  necessary  carriers  to  the  barriers  to  reach  a '  :ihold 
carrier  density  in  the  well.  For  devices  with  In^gOa^,  As 
wells,  the  electrons  are  poorly  confined  since  A£conf  ( ~  30 
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FIG  3  Cavity  length  dependence  of  threshold  current  density  for  1 50-jim- 
wtde  stnpe  broad-area  devices  with  70  A  In,,  ,,Ga,,  „,  As  quantum  weils. 
Devices  with  other  well  compositions  exhibited  the  same  behavior 
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FIG  4  Factors  influencing /,,, :  fa)  calculated  confining  energy  A  for 
electrons  in  the  conduction  band  and  (b)  critical  thickness  calculated  for 
In,Ga,  ,  As  layer  sandwiched  between  GaAs  layers  (solid  line).  Quantum 
well  thicknesses  for  this  study  (open  circles)  are  shown  for  comparison 


meV)  is  only  of  the  order  of  kT.  For  these  devices,  J,h  of  1.1 
kA/cm2  is  very  high  compared  to  /lh  of  265  A/cm2  for  de¬ 
vices  with  Ino  l6Gao.84  As  wells  and  a  confining  energy  of  75 
meV.  As  the  indium  fraction  in  the  wells  is  increased  and  the 
well  is  made  deeper,  the  state  is  better  confined,  and  this 
operates  to  decrease  J,h .  The  results  for  low  indium  fraction 
in  the  wells  agree  qualitatively  with  those  of  Hersee  et  al.r 
for  AlGaAs-GaAs  graded  refractive  index  separate  confine¬ 
ment  heterostructure  quantum  well  lasers  where  a  steep  in¬ 
crease  in  Jth  was  observed  as  the  aluminum  fraction  in  the 
barriers  was  reduced  below  15%. 

continues  to  decrease  for  wells  with  indium  content 
up  to  ~0.25.  As  the  indium  fraction  of  the  wells  increases 
beyond  this  point,  the  effects  of  strain  begin  to  adversely 
affect  the  laser  performance  for  the  70-A-wide  wells  of  this 
study.  Figure  4(b)  shows  the  critical  thickness  h,  calculated 
for  a  sandwiched  layer  from  the  mechanical  equilibrium 
model  of  Matthews  and  Blakeslee. 1819  Circles  correspond¬ 
ing  to  the  70  A  wells  of  this  study  are  also  shown  for  com¬ 
parison  to  the  critical  thickness.  For  70-A-thick  wells  with 
indium  fraction  below  —0.25,  the  strained  active  region 
thickness  is  well  below  the  critical  thickness  as  calculated 
from  this  model.  For  higher  indium  mole  fractions  in  the 
weil,  the  thickness  of  the  active  region  approaches  or  exceeds 
the  calculated  critical  thickness,  and  the  deleterious  effects 
of  the  strain  become  evident  as/, h  increases.  This  may  be  the 
result  of  dislocations  in  the  strained-layer  active  region 
which  act  as  nonradiative  recombination  centers. 

For  the  70-A-thick  wells  of  this  study,  the  lowest  thresh¬ 
old  current  density  is  observed  for  devices  with  —0.25  indi¬ 
um  in  the  well.  The  combination  of  well  composition  and 
thickness  for  these  devices  is  such  that  the  electrons  are  ade¬ 
quately  confined  in  the  well  (A£conf  —  160  meV),  and  the 
thickness  of  the  strained-layer  active  region  is  comfortably 
below  the  critical  thickness.  Note  that  for  all  devices  with 
well  compositions  in  the  range  from  x~ 0. 16  to  x— 0.33. 
b.Ecnn<  is  greater  than  75  meV,  and  the  well  thickness  is  be- 
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low  the  calculated  critical  thickness.  The  peformance  of  de¬ 
vices  in  this  range  (  ~0.l6-~0.33)  did  not  differ  dramati¬ 
cally  from  those  with  the  “optimal”  composition,  and  only 
outside  this  range  is  there  a  sharp  increase  in  7th .  Since  the 
above  discussion  of  carrier  confinement  and  strain  effects 
would  apply  to  any  combination  of  well  size  and  composi¬ 
tion,  we  expect  other  strained-layer  quantum  well  lasers 
with  confining  energies  greater  than  75  meV  and  strained- 
layer  thicknesses  below  the  critical  thickness  to  perform 
well.  This  suggests  that  there  is  some  freedom  in  the  choice 
of  well  thicknesses  and  compositions  that  will  yield  low 
threshold,  high  efficiency  operation  at  a  given  design  wave¬ 
length. 

The  thickness  of  the  Ino  33Ga0  67As  well  is  very  near 
(within  5%)  the  calculated  critical  thickness  for  that  com¬ 
position,  and  although  they  are  less  efficient  than  devices 
having  a  lower  indium  fraction  in  the  wells,  these  devices  still 
performed  well.  Jth  for  150x815  pm  devices  with 
In,,  jj Gao 67  As  active  regions  was  202  A/cm 2  (and  310  A/ 
cm2  for  150x470  pm  devices).  Although,  as  discussed 
above,  it  is  desirable  to  remain  below  the  critical  thickness  in 
order  to  achieve  the  lowest  thresholds  and  highest  efficien¬ 
cies,  this  is  consistent  with  previous  results  in  our  laborato¬ 
ry7  which  show  that  high  performance  lasers  can  be  grown 
with  strained-layer  active  region  thicknesses  slightly  greater 
than  the  critical  thickness  predicted  by  Matthews  and  Bla- 
keslee’s  mechanical  equ;librium  model. 

In  summary,  we  have  reported  results  of  time-zero  char¬ 
acterization  of  strained-layer  In,Ga,  _ ,  As-GaAs  quantum 
well  heterostructure  laser  diodes  with  70-A-thick  wells  and 
indium  mole  fractions  between  0.08  and  0.42.  The  emission 
wavelengths  ranged  from  0.9  to  1.08  fim  and  agreed  well 
with  calculated  values.  A  minimum  in  threshold  current 
density  is  observed  for  devices  having  an  indium  fraction  of 
~  0.25  in  the  wells,  and  devices  with  well  compositions  in  the 
range  ~0. 16<x<  ~0.30  all  operated  with  low  threshold 
current  densities.  The  data  support  two  design  criteria  for 
low  threshold  operation  of  strained-layer  InGaAs-GaAs 
quantum  well  lasers:  ( 1 )  The  electrons  should  be  confined 
by  at  least  ~75  meV  in  the  conduction  band  and  (2)  the 
strained-layer  active  region  thickness  should  not  greatly  ex¬ 


ceed  the  critical  thickness  for  a  sandwiched  layer  as  given  by 
the  mechanical  equilibrium  model  of  Matthews  and  Blakes- 
lee. 
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Abstract—  High-power  pulsed  operation  of  14.1  W  per  uncoated  facet 
from  an  optimized  3  mm  wide  (510  pm  cavity  length)  nonplanar  cor¬ 
rugated  substrate  periodic  laser  diode  array  is  reported.  Single-step 
metalorganic  chemical  vapor  deposition  grow  th  over  a  selectively  etched 
corrugated  substrate  provides  suppressed  lateral  lasing  and  amplified 
spontaneous  emission  with  a  minimal  number  of  processing  steps. 
Higher  external  differential  quantum  efficiency,  slope  efficiency,  and 
output  power  result  from  a  design  optimization  with  regard  to  the 
widths  of  the  mesas  and  grooves  of  the  corrugated  substrate. 

MONOLITHIC  multiple-stripe  laser  arrays  have  great 
potential  as  sources  for  high-power,  high-efficiency 
operation.  Applications  for  such  devices  include  pumping 
of  neodymium  :  yttrium  aluminum  garnet  lasers  [1],  high¬ 
speed  optical  recording,  and  long-distance  transmission. 
Although  the  maximum  output  optical  power  attainable 
from  multiple-stripe  laser  diodes  has  increased  dramati¬ 
cally  in  recent  years,  high-power  operation  is  limited  [2] 
by  catastrophic  optical  degradation  (COD).  By  increasing 
the  aperture  width  of  a  laser  diode,  the  intensity  decreases 
for  a  given  output  power  and,  therefore,  the  total  power 
at  which  COD  occurs  is  increased.  However,  the  maxi¬ 
mum  aperture  width  is  generally  restricted  to  being  less 
than  the  cavity  length  because,  as  the  width  of  the  laser 
is  made  larger  than  the  cavity  length,  lateral  lasing  and 
amplified  spontar.-ous  emission  (ASE)  become  significant 
and  the  desired  front  facet  emission  is  reduced.  Lateral 
lasing  and  ASE  can  be  suppressed  by  forming  isolated 
regions  of  emitters  thereby  disrupting  the  propagation  of 
the  lateral  modes.  Previously  reported  [3|-(4|  methods  for 
achieving  isolation  require  processing  steps  in  addition  to 
those  required  to  form  the  actual  array  elements  and  also 
result  in  a  portion  of  the  array  width  which  does  not  con¬ 
tribute  to  the  laser  output.  In  this  letter  we  report  opti¬ 
mized  high  power,  hign-esnooncy  operation  of  a  non¬ 
planar  multiple-stnpe  corrugated  substrate  laser  array  uti¬ 
lizing  a  graded-barrier  quantum  well  (GBQW)  [5],  [6) 
structure.  Metalorganic  chemical  vapor  deposition 
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(MOCVD)  growth  on  a  corrugated  substrate  is  utilized 
[7]— [  1 0]  to  form  a  nonplanar  active  region  which  effec¬ 
tively  inhibits  lateral  lasing  and  ASE  for  the  entire  array. 
No  additional  processing  steps,  which  may  result  in  ac¬ 
celerated  degradation  due  to  the  introduction  of  material 
defects,  are  required.  Data  presented  within  on  the  high- 
power  pulsed  operation  (14.1  W  per  uncoated  facet)  of 
an  optimized  3  mm  wide  corrugated  substrate  laser  array 
represent  a  substantial  improvement  in  device  perfor¬ 
mance  characteristics  over  previously  obtained  results  on 
similar  structures  [7],  [8],  [11].  We  report  an  increased 
maximum  output  power  and  linear  power  density  ;  a  highly 
uniform  emission  intensity  across  the  structure;  and  a  40 
percent  improvement  in  the  slope  efficiency  and  differ¬ 
ential  quantum  efficiency. 

The  GBQW  structures  were  grown  using  an  atmo¬ 
spheric  MOCVD  1 12]  system  at  800°C  following  corru¬ 
gated  substrate  preparation  described  previously  [7],  The 
structure  consists  of  a  (  100)  GaAs  :  n  substrate  and  buffer 
layer,  a  linearly  graded  AlGaAs :  n  layer.  10  jzm 
Al0  i^Ga,,  15AS  confining  layers,  a  2400  A  AlrGa(.tAs 
parabolically  graded  i.r  =  0  85  to  0.20)  region,  a  50  A 
GaAs  quantum  well,  and  a  GaAs:p~  contact  layer.  The 
corrugated  contours  of  the  etched  substrate  are  maintained 
throughout  the  epitaxial  growth  providing  uniform  for¬ 
mation  of  the  active  region  (see  Fig.  1)  [7]-[9].  The  non¬ 
planar  active  region  disrupts  the  propagation  of  the  lateral 
cavity  modes  and  no  additional  processing  or  photolitho¬ 
graphic  steps  are  necessary  to  either  define  current  injec¬ 
tion  or  to  inhibit  ASE  or  lateral  lasing  after  the  MOCVD 
growth.  For  comparison.  150  jzm  wide  oxide  stripe  broad 
area  lasers  were  fabricated  from  planar  structures  grown 
concurrently  with  each  of  the  nonplanar  substrates.  The 
devices  were  mounted  p  side  down  in  indium  solder  on 
Cu  blocks  with  multiple  Au  wires  to  contact  the  n  side 
and  were  tested  using  a  1  kHz  pulsed  current  with  a  pulse 
duration  of  225  ns.  The  facets  of  the  devices  described  in 
this  letter  were  left  uncoated. 

A  typical  near-field  optical  intensity  pattern  from  a  sec¬ 
tion  of  the  nonplanar  laser  array  is  illustrated  in  Fig.  2. 
Shown  also  in  Fig  2  for  reference  as  a  dashed  line  is  the 
relative  size  and  position  of  the  laser  active  region.  The 
observed  near-fieid  pattern  is  uniformly  distributed  over 
the  entire  array  width  and  is  stable  over  a  wide  range  of 
drive  currents.  Note  that  the  emission  is  entirely  from  a 
double  peak  on  each  mesa  [8],  (9).  As  a  consequence  of 
the  negligible  emission  from  the  grooves  there  is  a  reduc¬ 
tion  in  the  efficiency  [9]  of  nonplanar  lasers  relative  to 
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Fig  1.  Schematic  diagram  of  the  nonplanar  periodic  laser  array  grown  by 
MOCVD  on  a  corrugated  etched  substrate.  The  uniform  MOCVD  growth 
over  the  nonplanar  substrates  results  in  a  nonplanar  active  region  which 
suppresses  lateral  lasing  and  ASH,  and  is  conducive  to  the  simple  fab¬ 
rication  of  very  wide  laser  arrays. 


I— I 
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Fig.  2  Near-held  intensity  pattern  at  2  x  /,„  from  a  section  of  a  nonplanar 
periodic  laser  array  of  width  1  mm  and  cavity  length  5 10  pm  The  widths 
of  the  mesas  and  the  grooves  are  3.1  and  0  5  pm.  respectively  Shown 
also  for  reference  as  a  dashed  line  is  the  relative  position  of  the  laser 
active  region.  The  intensity  pattern  illustrates  the  iwo  emission  peaks 
per  mesa  and  also  the  uniformity  of  the  intensity  across  Hie  device 

planar  lasers  which  is  less,  however,  than  expected  from 
geometric  considerations.  Although  Waters  et  al.  [11]  at¬ 
tributed  the  reduced  emission  in  the  grooves  of  their  de¬ 
vices  (200  jxm  wide  mesas  and  grooves)  to  an  etching 
problem,  we  propose  an  alternative  explanation  for  nar¬ 
row-stripe  structures.  Theoretical  modeling  [13]  of  these 
structures  indicates  a  nonuniform  current  distribution  re¬ 
sulting  from  the  nonplanar  geometry  and  differing  hole 
and  electron  mobilities.  This,  along  with  the  difference 
[9]  in  the  recombination  lifetimes  in  the  mesa  region 
(stimulated)  and  the  groove  region  (spontaneous),  results 
in  a  strong  predilection  for  emission  to  occur  on  the  mesas 
rather  than  in  the  grooves. 

Increasing  the  width  of  the  mesas  should  also  increase 
the  quantum  efficiency  of  the  devices;  however,  there  ex¬ 
ists  an  upper  limit  of  the  width  (  -4  /xm )  of  the  mesas, 
above  which  the  lateral  mode  is  no  longer  stabilized.  Op¬ 
timization  of  the  overlap  between  the  current  distribution 
and  the  optical  field  should  also  increase  the  quantum  ef¬ 
ficiency.  For  this  structure,  the  overlap  of  the  optical  field 
with  the  carrier  distribution  is  greater  for  a  fundamental 
lateral  mode  than  for  a  doubled  peak  mode  if  one  assumes 
a  uniform  carrier  distribution  across  the  mesas.  Conse¬ 
quently.  a  reduction  of  the  confining  layer  composition 
[14]  with  the  corresponding  decrease  in  the  lateral  index 
step  should  favor  oscillation  in  a  fundamental  mode. 
However,  a  lower  confining  layer  composition  results  in 
an  increased  threshold  current  density.  Thus,  an  opti¬ 


mized  structure  would  consist  of  grooved  regions  that  are 
as  small  as  possible  while  still  providing  disruption  of  lat¬ 
eral  lasing  and  ASE,  and  of  mesa  regions  that  are  as  large 
as  possible  while  still  favoring  stable  lateral  mode  oper¬ 
ation. 

The  data  in  Table  I  show  the  upper  and  lower  bounds 
of  the  average  threshold  current  density  of  the  nonplanar 
laser  arrays,  the  external  differential  quantum  efficiency 
(both  facets),  and  the  light-current  (L-l )  slope  efficiency 
for  nonplanar  lasers  for  three  different  mesa  and  groove 
width  geometries  along  with  the  concurrently  grown 
planar  lasers.  The  upper  bound  of  the  threshold  current 
density  was  calculated  using  the  area  of  only  the  mesa 
regions  and  the  lower  bound  was  calculated  using  the 
complete  surface  area  of  the  devices.  For  each  laser  struc¬ 
ture  the  quantum  efficiency  and  the  L-l  slope  efficiency 
of  the  planar  broad  area  lasers  is  higher  than  the  efficiency 
of  the  nonplanar  lasers.  As  expected  from  the  discussion 
above,  the  structure  having  the  smallest  relative  groove 
width  most  closely  approaches  the  broad  area  efficiency. 

Fig.  3  shows  the  L-l  curve  from  an  uncoated  facet  of  a 
typical  laser  array  with  a  cavity  length  of  510  jon,  a  width 
of  3000  jim.  a  mesa  width  of  3. 1  jxm,  and  a  groove  width 
of  0.5  jxm.  The  maximum  observed  power  of  14. 1  W  per 
facet  of  these  devices  is  limited  by  the  maximum  output 
of  our  current  pulser  (40  A)  and  not  by  device  degrada¬ 
tion.  In  principle,  output  powers  in  excess  of  150  W  per 
facet  could  be  expected  from  a  device  having  reflection 
and  antireflection  coatings  [3],  The  low  threshold  current 
density  of  these  laser  arrays  results  in  a  significantly  lower 
threshold  current  (2-3  A)  for  widths  up  to  3  mm  com¬ 
pared  to  values  reported  [3],  [4]  for  multiple  quantum  well 
structures  which  utilized  etched  grooves  to  suppress  ASE 
and  lateral  lasing. 

In  summary,  optimized  nonplanar  multiple-stripe  cor¬ 
rugated  substrate  laser  array  structures  grown  by  MOCVD 
have  been  shown  to  inhibit  lateral  lasing  and  ASE  as  a 
consequence  of  the  nonplanar  active  region.  The  external 
differential  quantum  efficiency  and  light-current  slope  ef¬ 
ficiency  of  the  optimized  corrugated  substrate  laser  array 
represent  a  40  percent  improvement  compared  to  previ¬ 
ously  reported  devices  [7],  [8],  [11].  The  highest  effi¬ 
ciency  devices  are  obtained  from  laser  arrays  having  the 
smallest  grooves  while  still  disrupting  lateral  lasing  and 
ASE.  This  is  a  consequence  of  laser  emission  dominant 
on  the  mesa,  which  is  a  result  of  the  geometry  and  the 
nonuniform  current  distribution.  Furthermore,  the  typical 
maximum  attainable  output  power  (14.1  W  for  a  3  mm 
aperture  at  40  A )  and  linear  power  density  exceeds  our 
nonoptimized  devices  (  8  W  for  a  3  mm  aperture  at  40  A ) 
and  the  best  device  reported  by  Waters  et  al.  [  1 1  ]  (  9.2  W 
for  a  2  mm  aperture  at  40  A).  The  optimized  structure 
also  resulted  in  a  highly  uniform  emission  intensity  across 
the  device  (  ±6  percent  of  the  average  value)  which  is  a 
marked  improvement  compared  to  our  nonoptimized  de¬ 
vices  (±15  percent)  and  the  best  device  of  Waters  et  al. 
[11]  (  ±30  percent)  Higher  emission  uniformity  as  well 
as  stable  near-field  patterns  may  be  attributed  to  index- 
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TABLE  I 


Mesa 

Width 

(pm) 

Groove 

Width 

(pm) 

Threshold  Current 
Density  ( A/cm: ) 

Quantum  Efficiency 
(Percent) 

Slope  Efficiency 
(W/A) 

Upper 

Lower 

Planar 

Nonplanar 

Planar 

Nonplanar 

3  6 

3.2 

351 

158 

55 

31 

0.8 

0  5 

2.8 

3.9 

629 

223 

43 

21 

0.7 

0.3 

3.1 

0.5 

246 

166 

55 

44 

0.8 

0.7 

Drive  Current  (A) 

Fig.  3  Light  output  power  versus  drive  current  from  a  single  uncoated 
facet  of  a  3  mm  periodic  laser  array  with  a  cavity  length  of  510  pm.  The 
widths  of  the  mesas  and  the  grooves  are  3.1  and  0.5  pm,  respectively. 
The  maximum  output  power  of  14. 1  W  is  limited  by  the  current  source 
and  not  COD 


guided  operation  [7],  [9]  in  the  small-period  devices  com¬ 
pared  to  gain-guiding  operation  of  large-period  devices 
[111- 
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ABSTRACT 

InGaAs-GaAs  strained  layer  quantum  well  heterostructure  lasers  offer  availability  of  emission 
wavelengths  in  the  range  of  0.9- 1.1  pm  otherwise  largely  inaccessible  with  semiconductor  diode  lasers. 
We  describe  here  InGaAs-GaAs  strained  layer  lasers  and  laser  arrays  grown  by  atmospheric  pressure 
metalorganic  chemical  vapor  deposition  (MCCVD).  The  growth  conditions  for  preparing  these  strained 
layer  structures  by  MOCVD  are  presented  and  time  zero  characterization  of  oxide  defined  stripe  broad 
area  lasers  as  a  function  of  InGaAs  layer  composition  and  thickness,  relative  to  the  critical  thickness,  will 
be  outlined.  Various  structures,  grown  throughout  the  0.9- 1.1  pm  wavelength  range  and  having  In  mole 
fractions  from  x=0-0.50,  are  shown  to  have  low  broad  area  threshold  current  densities  (Jth  <  200  A/cm2) 
and  other  characteristics  of  unstrained  quantum  well  heterostructure  lasers.  Recent  results  indicating 
highly  reliable  cw  operation  of  oxide  stripe  strained  quantum  well  heterostructure  lasers  are  reviewed. 

2.  INTRODUCTION 

The  use  of  lattice-mismatched  thin  layer  structures  in  which  the  strain  is  accommodated  elastically,  such 
as  the  utilization  of  strained  layer  InGaAs  active  regions  in  AlGaAs/GaAs  heterostructure  laser  diodes, 
allows  extension  of  the  available  range  of  emission  wavelengths  to  \  -  1.1pm1'12.  The  potential  use  of 
these  strained  layer  lasers  in  the  0.9  pm  -  1.1  pm  wavelength  range  for  such  applications  as  pumping  rare 
earth  doped  optical  fiber  amplifiers13  requires  the  characterization  of  these  structures  to  determine  the 
range  of  practical  compositions  and  well  sizes  for  a  particular  application.  The  key  practical  issue  for 
these  laser  devices  is  the  relative  stability  of  the  strained  layer.  When  the  strained  layer  active  region  of 
these  devices  is  sufficiently  thin,  the  mismatch  strain  is  accommodated  elastically,  and  the  strained  layer 
remains  commensurate  with  the  substrate.  Above  a  compositionally  dependent  critical  thickness14-15, 
however,  it  becomes  energetically  favorable  for  the  strained  layer  to  relax,  forming  misfit  dislocations 
which  degrade  device  performance.  There  is  disagreement16  over  the  actual  value  of  the  critical  thickness, 
with  some  materials  study  data  supporting  the  mechanical  equilibrium  model14  of  Matthews  and 
Blakeslee,  while  other  results  are  in  better  agreement  with  the  values  predicted  by  the  energy  balance 
model16  of  People  and  Bean.  In  this  work  we  have  studied  the  time  zero  laser  characteristics  of  broad 
area  separate  confinement  heterostructure  (SCH)  strained  layer  InGaAs  quantum  well  laser  diodes  with  a 
fixed  70  A  well  thickness  and  indium  fractions  ranging  from  0.08  to  0.42,  and  a  fixed  well  In¬ 
composition  (x  =  0.25)  and  quantum  well  thicknesses  of  100,  125,  and  143  A. 


32  SPIE  Vol  121 9  Laser  Diode  Technology  and  Applications  // 11990) 


3.  STRUCTURE,  EPITAXIAL  GROWTH  AND  PROCESSING 


The  laser  structures  described  here  were  grown17  by  metalorganic  chemical  vapor  deposition  (MOCVD)  at 
atmospheric  pressure  in  a  vertical  geometry  reactor  using  ethyldimethylindium18  (EDMIn),  trimethyl' 
gallium  (TMGa),  trimethylaluminum  (TMA1),  and  arsine.  Silane  and  diethylzinc  were  used  for  n-  and  p- 
type  dopants,  respectively.  Each  structure  consists  of  a  0.25-pm-thick  GaAsin1-  buffer  layer  grown  on  a 
(100)  GaAs:n+  substrate,  n-  and  p-  type  1.5-pm-thick  AIo.2oGao.80As  confining  layers,  an  active  region, 
and  a  0.2-pm  GaAs:p+  contact  layer,  as  shown  in  Fig.  la.  The  separate  confinement  quantum  well 
heterostructure  active  region,  shown  in  Fig.  lb,  consists  of  an  InxGai.xAs  (x  ~  0.08-0.42)  undoped 


(b) 

Figure  1 


strained  layer  quantum  well  centered  in  a  0.2-p.m- thick  GaAs  carrier  collection  layer.  The  compositions  of 
the  Lz  =  70A  quantum  wells  were  determined  from  the  vapor  pressure  for  EDMIn,  obtained  from  the 
growth  rate  of  the  quantum  wells,  and  the  vapor  pressure  of  TMGa.  The  thicknesses  of  the  x  ~  0.25 
quantum  wells  for  the  three  samples  were  measured  by  transmission  electron  microscopy  using  standard 
thinning  and  mounting  techniques19  and  were  found  to  be  100,  125,  and  143  A.  No  threading  or  misfit 
dislocations  were  observed  in  these  cross-section  specimens.  Standard  processing  was  used  to  fabricate 
150  pm  wide  oxide-defined  stripes  on  each  sample.  Various  cavity  lengths  were  formed  by  cleaving,  and 
the  resulting  bars  were  cleaved  into  individual  diodes  for  testing.  Devices  were  tested  under  pulsed 
conditions  (1.5  psec  pulse-width,  2  kHz  repetition  rate)  at  room  temperature.  Standard  processing  was 
also  used  to  define  60  pm  wide  oxide-defined  stripes  for  cw  life-testing.  These  uncoated  devices,  600  pm 
long,  were  mounted  junction  up  on  a  copper  heat  sink. 

4.  RESULTS 

Shown  in  Fig.  2  is  the  critical  thickness  for  InGaAs  strained  layers  on  GaAs  versus  In-composition 
according  to  the  models  of  Matthews  and  Blakeslee14  (dashed  line)  and  Peoples  and  Bean15  (solid  line). 
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Shown  also  for  reference  in  Fig.  2  are  data  points  corresponding  to  this  work  for  six  70A  quantum  well 
laser  structures  having  varying  composition  (squares)  and  for  three  x  ~  0.25  laser  structures  having 
varying  well  widths  (circles).  The  measured  threshold  current  density,  Jth,  as  a  function  of  well 
composition  in  the  range  x  =  0.10-0.40  (Lz  =  70A,  length  815  |im)  is  shown  in  Fig.  3.  All  of  the  devices 


Composition,  x  Well  Composition,  x 


Figure  2  Figure  3 

with  compositions  outside  this  range  had  threshold  values  greater  than  1  kA/cm2.  The  minimum  in  Jth 
versus  composition  of  140  A/cm2  at  an  indium  fraction  of  approximately  0.25  in  Fig.  3  is  defined  by  poor 
carrier  confinement  for  low  indium  fraction  in  the  wells  and  the  deleterious  effects  of  strain  at  higher 
indium  fractions  in  these  fixed  well  size  structures.  The  result  at  either  limit  is  manifest  as  an  increased  Jth. 
The  results  for  low  indium  fraction  in  the  wells  agree  qualitatively  with  those  of  Hersee20  for  AlGaAs- 
GaAs  graded  refractive  index  separate  confinement  heterostructure  quantum  well  lasers. 

Shown  in  Fig.  4  is  threshold  current  density  versus  quantum  well  thickness  for  four  cavity  lengths  of  three 
laser  structures  having  a  well  composition  of  x  -  0.25  and  thicknesses  near  the  Matthews  and  Blakeslee 
critical  thickness.  These  lasers  show  time  zero  laser  threshold  current  density  increasing  with  thickness 
from  below  150  A/cm2  (Lz  =  100A,  length  950  jam)  to  more  than  300  A/cm2.  Life-testing  on  these  three 
structures  was  performed  at  constant  power  on  60  p.m  oxide  stripe  devices  operating  cw  at  60  mW  per 
uncoated  facet.  The  results  of  the  life-test  of  lasers  with  LZ=100A  are  shown  in  Fig.  5.  All  of  the  devices 
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fabricated  from  this  material  are  still  operating  with  only  a  gradual  increase  in  current,  comparable  to  other 
InGaAs  strained  layer  lasers  reported  earlier21*23.  In  contrast,  the  performance  of  the  143A  quantum  well 
devices  exceeded  the  current  doubling  limit  in  under  100  hours.  The  performance  of  devices  with  125  A 
wells  was  intermediate  between  these  two  extremes.  These  data  suggest  that  the  maximum  practical 
thickness  for  Ino.25Gao.75As  quantum  well  active  regions  is  more  accurately  predicted  by  the  model  of 
Matthews  and  Blakeslee,  and  well  below  the  value  of  ~  265  A  predicted  by  People  and  Bean  for  this 
composition. 


5.  SUMMARY 

In  summary,  we  have  reviewed  results  of  time- zero  characterization  of  strained  layer  InxGai-xAs-GaAs 
quantum  well  heterostructure  laser  diodes  with  70-A-thick  wells  and  indium  mole  fractions  between  0.08 
and  0.42  and  with  nominal  Ino.25Gao.75As  well  compositions  and  100,  125,  and  143  A  well  thicknesses.. 
The  data  support  the  design  criteria  for  low  threshold  operation  of  strained  layer  InGaAs-GaAs  quantum 
well  lasers  that  the  indium  composition  in  the  well  must  be  sufficient  for  effective  carrier  confinement  in 
the  conduction  band,  and  the  strained  layer  active  region  thickness  should  not  greatly  exceed  the  critical 
thickness  given  by  the  mechanical  equilibrium  model  of  Matthews  and  Blakeslee.  Within  these  design 
constraints,  long  lived,  very  low  threshold  strained  layer  lasers  (X  -  1  pm)  are  realizable. 

6.  ACKNOWLEDGEMENTS 

The  authors  wish  to  thank  S.  Yellen,  R.  Soltz,  R.P.  Bryan,  G.E.  Fernandez,  L.M.  Miller,  S.M. 
Langsjoen,  M.K.  Suits  and  K.  Kuehl  for  technical  assistance.  We  are  also  grateful  to  C.  Krebs  and  S. 
Whiteley  for  continued  support.  This  work  was  supported  by  the  McDonneil-Douglas  Electronics  Systems 
Company,  the  Naval  Research  Laboratory  (N00014-88-K-2005),  the  National  Science  Foundation  (DMR 
86- 12860  and  CDR  85-22666),  and  the  Charles  Stark  Draper  Laboratory  (DLH  285419). 

7.  REFERENCES 

1.  W.D.  Laidig,  P.J.  Caldwell,  Y.F.  Lin,  and  C.K.  Peng,  Appl.  Phys.  Lett.  44,  653  (1984). 

2.  D.  Fekete,  K.T.  Chan,  J.M.  Ballantyne,  and  L.F.  Eastman,  Appl.  Phys.  Lett.  49,  1659  (1986). 

3.  Y..T.  Yang,  K.Y.  Hsieh,  and  R.M.  Kolbas,  Appl.  Phys.  Lett.  51,  215  (1987). 

4.  J.N.  Baillargeon,  P.K.  York,  C.A.  Zmudzinski,  G.E.  Femdndez,  K.J.  Beemink,  and  J.J.  Coleman. 

Appl.  Phys.  Lett.  53,  457  (1988). 

5.  P.K.  York,  K.J.  Beemink,  G.E.  Fernandez,  and  J.J.  Coleman,  Appl.  Phys.  Lett.  54,  499  (1989). 

6.  D.P.  Bour,  P.  Stabile,  A.  Rosen,  W.  Janton,  L.  Elbaum,  and  D.J.  Holmes,  Appl.  Phys.  Lett.  54, 

2637  (1989). 

7.  K.J.  Beemink,  P.K.  York,  J.J.  Coleman,  R.G.  Waters,  J.  Kim,  and  C.  Wayman,  Appl.  Phvs.  Lett. 

55,2167  (1989). 

8.  K.J.  Beemink,  P.K.  York,  and  J.J.  Coleman,  Appl.  Phys,  Lett.  55,  in  press  (1989) 

9.  S  E.  Fischer,  R.G.  Waters,  D.  Fekete,  J.M.  Ballantyne,  Y.C.  Chen,  and  B.  Soltz,  Appl.  Phys.  Lett. 

54,1861(1989). 

10.  J  S.  Major,  Jr.,  L.J.  Guido,  K.C.  Hsieh,  N.  Holonyak,  Jr.,  W.  Stutius,  P.  Gavrilovic,  and  J.E. 
Williams,  Appl.  Phys.  Lett.  54,  913  (1989). 


SPIE  Vol  1219  Laser-Diode  Technology  and  Applications  11/19901  /  35 


11.  S.D.  Offsey,  W.J.  Schaff,  P.J.  Tasker,  H.  Ennen,  and  L.F.  Eastman,  Appl.  Phys.  Lett.  54,  2527 
(1989). 

12.  S.E.  Fischer,  D.  Fekete,  G.B.  Feak,  and  J.M.  Ballantyne,  Appl.  Phys.  Lett.  50,  714  (1987). 

13.  R.  I.  Laming,  M.C.  Fames,  P.R.  Morkel,  L.  Reekie,  and  D.N.  Payne,  Electron.  Lett.  25,  12  (1989). 

14.  J.W.  Matthews  and  A.E.  Blakeslee,  J.  Cryst.  Growth  27,  118  (1974). 

15.  R.  People  and  J.C.  Bean,  Appl.  Phys  Lett.  47,  322  (1985). 

16.  P.L.  Gourley,  I.J.  Fritz,  and  L.R.  Dawson,  Appl.  Phys.  Lett.  52,  377  (1988)  and  references  therein. 

17.  G.  Costrini  and  JJ.  Coleman  ,  J.  Appl.  Phys.  57,  2249  (1985). 

18.  P.K.  York,  K.J.  Beemink  J.  Kim,  JJ.  Coleman,  G.E.  Fernandez,  and  C.  M.  Wayman,  Appl.  Phys. 
Lett.  55,  2476  (1989) 

19.  S.J.  Jeng,  C.M.  Wayman,  G.  Costrini,  and  JJ.  Coleman,  Materials  Lett.  2,  359  (1984). 

20.  S.D.  Hersee,  B.  de  Cremoux,  and  J.P.  Duchemin,  Appl.  Phys.  Lett.  44,  476  (1984). 

21.  W.  Stutius,  P.  Gavrilovic,  J.E.  Williams,  K.  Meehan,  and  J.H.  Zarrabi,  Electron.  Lett.  24,  1493 
(1988). 

22.  S.E.  Fischer,  R.G.  Waters,  D.  Fekete,  J.M.  Ballantyne,  Y.C.  Chen,  and  B.  Soltz,  Appl.  Phys.  Lett. 
54,  1861  (1989) 

23.  R.G.  Waters,  P.K.  York,  K.J.  Beemink,  and  J.J.  Coleman,  Appl.  Phys.  Lett.  55,  in  press  (1989) 


36  /  SPIE  Vol  1 21 9  Laser  Diode  Technology  and  Applications  II  (1 990! 


Effect  of  confining  layer  aluminum  composition  on  AIGaAs-GaAs-InGaAs 
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Data  are  presented  on  laser  threshold  current  density  and  emission  wavelength  of 
strained-layer  InGaAs-GaAs-AJjGa,  _  *As  single  quantum  well  lasers  having  confining  layer 
aluminum  compositions  in  the  range  0.20<x<0.85.  A  decrease  in  threshold  current 
density  with  increasing  confining  layer  composition  is  related  to  the  increased  confinement 
factor  of  the  waveguide  structure.  An  increase  in  the  laser  emission  wavelength  is 
observed  as  a  consequence  of  reduced  bandfilling. 


The  existence  of  elastically  accommodated  strain  in 
thin  layers  of  InGaAs  sandwiched  by  bulk  (Al)GaAs 
brings  about  several  important  modifications  to  the 
InGaAs  energy  band  structure.  These  changes  can  lead  to 
improved  performance1"3  in  strained  quantum  well  lasers 
as  compared  to  conventional,  unstrained  quantum  well  la¬ 
sers.  Most  notable  are  expectations  of  a  lower  transparency 
current  and  therefore  lower  threshold  current  density,1  and 
an  increase  in  the  modulation  bandwidth4  5  through  supe¬ 
rior  differential  gain.4-7  These  features  arise  primarily 
through  a  strain-induced  decrease  in  the  in-layer-plane  ef¬ 
fective  hole  mass  and  consequently  a  reduced  valence-band 
density  of  states,  but  may  be  somewhat  offset  by  a  greater 
tendency  for  nonradiative  recombination  mechanisms  in 
lower  band-gap  alloys  such  as  InGaAs.8  Excellent  perfor¬ 
mance  has  been  reported  recently  by  many  authors9-18  with 
a  variety  of  confining  layer  AlGaAs  compositions,  carrier 
collection  (barrier)  layer  (Al)GaAs  compositions, 
InGaAs  quantum  well  active  regions,  and  growth  param¬ 
eters,  both  by  metalorganic  chemical  vapor  deposition 
(MOCVD) 10  1416-18  and  molecular  beam  epitaxy.91115  In 
this  letter,  we  show  data  that  define  the  relationship  of  the 
laser  threshold  current  density  and  emission  wavelength  of 
strained-layer  InGaAs-GaAs-Al,Ga|  _  ^As  single  quantum 
well  lasers  to  aluminum  composition  (0.20<x<0.85)  in 
the  confining  layers.  We  observe  a  decrease  in  threshold 
current  density  with  increasing  confining  layer  composi¬ 
tion  related  to  the  increased  confinement  factor  of  the 
waveguide  structure.  These  observations  are  then  directly 
correlated  to  an  increase  in  the  laser  emission  wavelength 
as  a  consequence  of  bandfilling  effects,  which  is  pro¬ 
nounced  in  these  quantum  wells  due  to  the  reduced 
InGaAs  density  of  states 

The  laser  structures  here  were  grown  by  MOCVD  at 
atmospheric  pressure  in  a  vertical  geometry  reaction  cham¬ 
ber  using  tnmethylgallium  (  —  10  °C),  trimethylaluminum 
(20 “C),  trimethylindium  (17’C)  or  ethyldimethylind- 
ium17  (11  ’C),  and  arsine  The  jtructures  are  shown  sche¬ 
matically  in  Fig.  1  and  consist  of  a  0.25  /um  GaAs :n  * 
buffer  layer  grown  on  a  ( 100)  GaAs:/i  *"  substrate,  1.5  pm 
AltGa,  _  rAs  confining  layers,  where  x  varies  between  0.20 
and  0.85,  0. 10  pm  GaAs  earner  collection  and  optical  con¬ 
finement  barner  layers  on  either  side  of  an  elastically 


strained  InyGa)  -yAs  active  region,  and  a  0.20  pm 
GaAs:/?+ (2x  1019  cm-3)  contact  cap  layer.  The  n-type 
confining  and  GaAs  barrier  layers  were  doped  1 X  1018 
cm-3  and  lXlO16  cm-3,  respectively,  using  silane.  The 
p-type  barrier  layers  were  doped  5x  1017  cm-3  with  dieth- 
ylzinc  (20  °C).  The  0.20  and  0.40  p- type  confining  layers 
were  doped  lXlO18  cm-3  with  diethylzinc  and  the  0.60 
and  0.85  confining  layers  were  carbon  autodoped  to 
—  lXlO18  cm-3.  The  buffer  and  confining  layers  were 
grown  at  800  °C  while  the  InGaAs  active  region  was  grown 
at  625  ”C.  The  temperature  was  lowered  to  720  °C  at  the 
start  of  the  GaAs:n  barrier  layer  and  raised  to  800  °C  after 
the  end  of  the  GaAs:/?  barrier  layer  to  avoid  long  pauses  at 
the  quantum  well  interfaces.  The  temperature  was  also 
ramped  from  720  to  625  *C  (625  to  720  °C)  during  the 
growth  of  the  GaAs:«  (GaAs :/?)  barrier  layer.  The 
GaAs:/?  ”  cap  layer  was  grown  at  650  °C  to  facilitate  the 
incorporation  of  zinc  for  a  low-resistance  ohmic  contact. 

Two  sets  of  Ino25Ga075As  single  quantum  well  laser 
structures  were  grown,  one  with  70  A  wells  and  one  with 
100  A  wells.  Both  of  these  well  sizes  are  less  than  the 
critical  thickness  of  — 105  A  predicted  by19  the  Matthews 
and  Blakeslee  model.  Each  set  is  comprised  of  four 
growths,  identical  except  for  the  confining  layer  aluminum 
composition,  which  is  0.20,  0.40,  0.60,  or  0.85.  Composi¬ 
tions  of  these  strained  InGaAs  layers  were  initially  esti¬ 
mated  by  the  molar  ratio  of  the  column  III  constituents  in 
conjunction17  with  accurate  transmission  electron  micros¬ 
copy  layer  thicknesses.  Accuracy  of  the  composition  was 
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FIG.  I  Schematic  diagram  of  a  separate  confinement  laser  structure  with 
a  single  strained  70  or  100  A  Inn, .Gao,,  quantum  well.  GaAs  earner 
collection  layers,  and  AI.Ga,  ,As  confining  layers  having  x  =  0  20.  0  40. 

0.60.  or  0  85. 
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FIG.  2.  Laser  threshold  current  density  vs  aluminum  confining  layer 
composition  x  for  separate  confinement  lasers  with  70  A  (circles)  or  100 
A  (squares)  ln„ ,?Ga,) „  quantum  wells.  The  diode  cavity  lengths  are 
—  800  fim  for  each  laser 


FIG.  3.  Calculated  values  for  the  inverse  optical  confinement  factor  f 1 
vs  aluminum  confining  layer  composition  x  for  separate  confinement  la¬ 
sers  with  70  A  (open  circles)  or  100  A  (filled  circles)  Ino;5Ga07s  quan¬ 
tum  wells. 


confirmed  by  comparing  actual  laser  emission  wavelengths 
to  calculated  ones.  Calculation  of  the  wavelength  is  similar 
to  that  of  Pan  et  al.20  and  accounts  for  both  quantum  size 
effects  and  the  strained-induced  shift  of  the  InGaAs  band- 
gap  energy,  assuming  a  70/30  split  of  the  heterojunction 
discontinuity  between  the  conduction  and  valence  bands. 
This  method  is  self-consistent,  although  the  absolute  value 
of  the  composition  may  be  slightly  off  due  to  approxima¬ 
tions  in  the  model  and  some  uncertainty  in  the  band  struc¬ 
ture  parameters  required  for  the  calculations. 

Broad-area  devices  were  fabricated  with  oxide-defined 
150-^m-wide  stripes,  cleaved  into  devices  of  various 
lengths,  and  tested  under  pulsed  conditions  (1.5  fis  pulse 
width,  2  kHz  repetition  rate).  The  threshold  current  den¬ 
sities  yth  for  both  the  70  A  (circles)  and  the  100  A 
(squares)  In025Gao75 As  single  quantum  well  lasers  are 
plotted  as  a  function  of  the  aluminum  composition  in  the 
confining  layers  in  Fig.  2.  The  cavity  lengths  for  these 
diodes  are  -  800  pm  to  avoid  short-cavity  effects.21  /,h 
decreases  significantly  as  the  composition  is  increased  from 
0.20  to  0.85  in  the  confining  layers.  This  trend  was  ob¬ 
served  for  all  cavity  lengths  tested  (300-800  pm).  A  de¬ 
crease  in  threshold  current  density  with  confining  layer 
composition  is  expected  from  the  increase  in  the  optical 
confinement  factor  T  due  to  the  lower  refractive  index  in 
layers  with  higher  aluminum  composition.  This  is  evi¬ 
denced  by  the  usual  expression  for  the  threshold  current 
density  in  the  low  current  range  where  the  gain  is  a  linear 
function  of  current  density: 


•/*  = 


(s)(z'n5  +  “') 


(D 


Here,  /0  is  the  transparency  current  (A/cm2),  tj,  is  the 
internal  quantum  efficiency,  0  is  the  gain  coefficient  (cm/ 
A),  L  is  the  laser  diode  cavity  length,  R  is  the  facet  reflec¬ 
tivity,  and  a,  represents  the  internal  optical  loss  (cm-1). 
The  optical  confinement  factors  were  calculated  for  each  of 
the  eight  structures  using  a  five-slab  waveguide  model22 
taking  into  account  the  index  of  refraction  of  each  of  the 
confining  and  barrier  layers  at  the  appropriate  emission 
wavelength  Calculated  values  for  the  inverse  of  the  optical 
confinement  factor  are  plotted  as  a  function  of  the  con¬ 
fining  layer  composition  in  Fig.  3.  The  optical  confinement 
factor  varies22  roughly  linearly  with  the  quantum  well  size, 
as  indicated  by  the  larger  values  for  the  100  A  well  It  can 


be  seen  by  comparing  Figs.  2  and  3  that  the  decrease  in  the 
threshold  current  density  essentially  follows  the  decrease  in 

r-1. 

A  decrease  in  threshold  current  density  is  accompa¬ 
nied  in  these  structures  by  an  increase  in  the  laser  emission 
wavelength,  which  ranged  between  9700  and  10  100  A  for 
the  70  A  wells  and  10  200  and  10  500  A  for  the  100  A 
wells.  The  emission  wavelengths  shifted  to  longer  values, 
with  the  total  shift  being  300-400  A,  from  values  observed 
for  lasers  with  Al0  2oGao  80As  confining  layers  to  those  ob¬ 
served  for  lasers  with  Alo.j5Gao.15As  confining  layers.  The 
transition  energies  corresponding  to  these  emission  wave¬ 
lengths  are,  therefore,  decreasing  with  increasing  alumi¬ 
num  composition,  as  shown  in  Fig.  4  for  both  the  70  and 
100  A  Ino25Gao75As  quantum  well  lasers.  The  electron 
effective  mass  m’e(y)  in  InyGa,  _  >As  decreases  for  in¬ 
creasing  indium  content  which  brings  about  a  reduced 
conduction-band  density  of  states  as  compared  to  GaAs. 
Consequently,  band  filling  becomes  pronounced16  for  in¬ 
creasing  carrier  injection  levels,  shifting  the  laser  transition 
energy  E  up  from  the  quantum  well  bound  state  energy. 
For  a  quantum  well  of  thickness  Lv  the  change  in  laser 
transition  energy  &E  caused  by  bandfilling  can  be 
described  in  terms  of  the  observed  change  in  the  quantum 
well  current  density.  The  injected  density  n  and  the  thresh¬ 
old  current  density  are  of  course  related  by 

/lh  =  «p»Z,/T.  (2) 

The  emission  energy  is  determined  by  the  positions  of  the 
quasi-Fermi  levels  which,  in  turn,  are  determined  from 


FIG  4  Laser  transmon  energy  vs  aluminum  confining  layer  composition 
x  for  separate  confinement  lasers  with  70  A  (circles)  or  10O  A  (squares) 
IiVi^Ga,,,,  quantum  wells. 
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(3) 


n=  J  p(E)f(E  —  EF)dE, 

where  J\E—EF)  is  the  Fermi  function  and  p(E)  is  the 
quantum  well  heterostructure  density  of  states  function, 
which  is23  independent  of  energy  for  the  first  quantum  state 
and  proportional  to  \/Lr  From  these  equations  it  can  be 
easily  determined  that  a  change  in  threshold  current  den¬ 
sity  associated  with  a  change  in  confinement  factor  results 
in  a  corresponding  well-defined  change  in  emission  energy, 
independent  of  quantum  well  size,  as  shown  in  Fig.  4. 

In  summary,  we  have  determined  the  relationship  of 
the  InGaAs-GaAs-AlGaAs  quantum  well  laser  threshold 
current  density  and  transition  energy  to  the  aluminum 
composition  x  of  the  confining  layers  for  x  =  0.20-0.85. 
The  threshold  current  density  decreases  for  increasing  x 
due  to  the  increased  confinement  factor  in  the  optical 
waveguide.  Furthermore,  the  laser  emission  wavelength  in¬ 
creases  with  decreasing  7th  as  a  direct  consequence  of  the 
reduced  bandfilling  for  lower  quantum  well  threshold  cur¬ 
rent  densities. 
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Abstract— A  two- port  circuit  model  for  quantum-well  (QW)  lasers 
has  been  developed  from  rate  equations.  With  emphasis  on  the  physical 
principles,  the  phenomena  of  the  recombination  process  of  electron- 
hole  pairs  and  the  light  wave  resonance  in  the  active  region  have  been 
incorporated  into  this  new  model.  Our  model  has  been  implemented 
into  a  circuit  simulator  and  validated  with  measured  dc  and  transient 
laser  characteristics.  The  frequency  effects  on  the  modulation  prop¬ 
erties  of  QW  lasers  have  been  studied  and  analyzed  using  a  small-signal 
model.  Simulation  results  show  excellent  agreement  with  experimental 
data. 

I.  Introduction 

EMICONDUCTOR  lasers  (especially  quantum-well 
lasers)  are  desirable  sources  in  optoelectronic  inte¬ 
grated  circuits  for  optical  communication  systems  and  op¬ 
tical  interconnections  in  large  computer  systems.  Thus, 
the  detailed  analysis  of  the  characteristics  of  semiconduc¬ 
tor  lasers  as  light  sources  is  crucial  to  the  design  of  op¬ 
toelectronic  integrated  circuits  (OEIC)  and  systems.  Cir¬ 
cuit  simulation  could  be  a  powerful  tool  for  the  design  and 
analysis  of  optical  interconnections  [1J.  Therefore,  ac¬ 
curate  circuit  models  for  optical  devices  such  as  semicon¬ 
ductor  lasers  are  necessary  for  the  analysis  of  dynamic 
properties  of  OEIC  circuits  and  systems . 

The  issue  of  modeling  the  semiconductor  laser  with  cir¬ 
cuit  elements  has  been  addressed  by  several  authors.  Pre¬ 
viously  reported  laser  models  are  limited  to  conventional 
double  heterostructure  lasers  [2]-[6] .  There  is  a  need  for 
a  suitable  model  for  quantum-well  lasers,  which  repre¬ 
sents  a  mort  „gical  choice  of  semiconductor  laser  tech¬ 
nology  for  integrated  optoelectronic  circuits  [7],  (8|. 

In  this  paper,  we  propose  a  new  circuit  model  for  quan¬ 
tum-well  lasers  derived  from  rate  equations.  For  the  large- 
signal  model,  the  gam  function  and  the  earner  density 
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have  been  calculated  from  positions  of  quasi-Fermi  levels 
in  the  active  region.  Both  the  spontaneous  and  the  stim¬ 
ulated  emission  currents  are  modeled  with  appropriate 
nonlinear  circuit  elements.  In  order  to  allow  the  optical 
resonator  of  a  quantum-well  laser  to  be  represented  by  an 
equivalent  circuit  which  consists  of  dependent  current 
sources  and  RC  components,  active  Fabry-Perot  resona¬ 
tor  analysis  is  used  in  deriving  an  analytical  formula  to 
describe  the  relation  between  the  photon  density  in  the 
optical  cavity  and  the  output  light  intensity.  The  output 
light  power  is  expressed  in  terms  of  an  output  node  volt¬ 
age  in  the  circuit  simulation.  As  a  result,  the  rate  equa¬ 
tions  of  a  quantum-well  laser  can  be  represented  by  a  two- 
port  coupling  circuit.  A  similar  small-signal  model  has 
also  been  derived  from  the  same  set  of  equations  and  as¬ 
sumptions.  which  is  useful  in  the  analysis  of  modulation 
properties  of  quantum-well  lasers  in  the  frequency  do¬ 
main. 

II.  Analysis  of  Rate  Equations 

In  general,  circuit  simulators  are  based  upon  constitu¬ 
tive  relationships  of  circuit  element  models  for  the  indi¬ 
vidual  devices  comprising  the  integrated  circuit.  Device 
modeling  for  circuit  simulation  is  an  indispensable  link 
between  new  technology  and  computer-aided  circuit  anal¬ 
ysis.  The  basis  of  circuit  modeling  is  to  transform  the  fun¬ 
damental  theories  of  device  physics  into  a  form  which  is 
solvable  by  the  circuit  simulation  program.  The  circuit 
simulation  environment  imposes  certain  requirements  on 
the  formulation  of  model  equations.  All  nonlinear  ele¬ 
ments  adopted  in  the  model  must  be  described  by  analyt¬ 
ical  closed-form  functions  of  circuit  variables  which  have 
at  least  continuous  tirst-order  derivatives.  Any  given 
model,  such  as  the  quantum-well  laser  model,  should  also 
be  compatible  with  other  models  tn  a  circuit  simulation 
environment.  Therefore,  certain  assumptions  are  neces¬ 
sary  to  satisfy  these  requirements. 

•(.  Rate  Equations 

The  electrical  and  optical  properties  of  the  active  region 
of  a  quantum-well  laser  can  be  described  by  the  well- 
known  rate  equations  [9).  (10].  A  general-purpose  circuit 
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simulator  can  solve  a  large  set  of  first-order  differential 
equations  with  node  voltages  as  state  variables.  Since  the 
rate  equations  consist  of  only  first-order  differential  equa¬ 
tions.  they  can  be  solved  by  a  circuit  simulation  program 
provided  that  the  rate  equations  can  be  represented  by  an 
equivalent  circuit  model  with  proper  mapping  of  physical 
quantities  into  circuit  variables.  The  single-mode  rate 
equations  are  expressed  as 


drte 

~dt 


FgmC'S 


dS  „  S 

—  =  (3Brt;  +  Tgmc'5 - 

dt  Tph 


(1) 

(2) 


Readers  are  referred  to  Table  I  for  the  variable  definitions. 
In  general  the  photon  density  S.  charge  density  nf  and 
optical  gain  g„  are  functions  of  their  lateral  positions  in 
the  optical  waveguide.  But.  in  (1)  and  (2).  these  three 
quantities  simply  represent  the  corresponding  average 
values. 

Equation  <  1)  requires  that  the  current  flow  into  the  ac¬ 
tive  region,  minus  the  current  lost  to  spontaneous  and 
stimulated  emissions,  is  equal  to  the  time  rate  of  change 
for  the  charge  density  in  this  region.  Similarly.  (2)  re¬ 
quires  that  the  time  rate  of  change  for  the  average  photon 
density  in  the  Fabry- Perot  resonator  is  equal  to  the  sum 
of  spontaneous  emission  and  stimulated  emission  minus 
the  absorption  in  the  active  region. 

Since  most  of  the  radiative  recombination  in  a  laser  is 
likely  to  occur  in  the  region  of  the  quantum-well  under 
the  metal  contact,  we  assume  that  the  volume  of  the  active 
region  can  be  approximated  by  the  dimensions  of  the 
quantum-well  under  the  metal  contact.  The  portion  of  the 
optical  field  outside  of  the  active  region  is  accounted  for 
by  the  confinement  factor  f. 


B.  Spontaneous  and  Stimulated  Emissions 

To  construct  a  circuit  model,  it  is  important  to  find  an¬ 
alytical  expressions  for  all  nonlinear  model  elements.  In 
(1)  and  (2).  the  spontaneous  emission  term  has  quadratic 
dependence  on  earner  density  when  dominated  by  the  di¬ 
rect  band-to-band  electron-hole  recombination.  B  can  be 
determined  from  expenmental  data  (11).  It  is  necessary 
then  to  find  an  analytical  form  for  n„.  the  earner  density. 

In  our  quantum-well  laser  model,  we  assume  that  the 
coupling  between  adjacent  wells  is  weak,  the  potential 
bamer  is  sufficiently  high,  then  the  quantum  well  can  be 
desenbed  as  a  one-dimensional  i  ;  direction  )  square  well 
Then  the  quantized  subband  energy  levels  can  be  approx¬ 
imated  as  the  energy  level  denved  from  a  one-dimen- 
sional  infinitely  deep  potential  well  model  If  the  bulk 
band  energies  can  be  approximated  to  be  parabolic  in  the 
t  and  v  directions,  the  densities  of  states  in  the  conduction 
and  the  valence  bands  are  step  like  If  only  the  lowest 
order  quantum  transitions  are  considered,  the  eleciron 


TABLE  I 

Definitions  of  Terms 


Terminology 

Definitions  j 

c 

speed  of  light  in  vacuum 

d 

speed  of  light  m  the  lasing  medium  i 

E„ 

energy  level  of  the  first  conduction  subbind  in  the  quantum- wetl  ! 

energy  levei  of  the  first  v&ience  suob&nd  in  the  quantum- well 

E.e 

quasi-Fermi  level  in  the  conduction  band 

E„ 

quasi- Fermi  levei  in  the  v&ience  b&nd 

E, 

energy  b&ndg&p  of  the  l&ser  m&ten&i 

£, 

energy  gap  between  two  subb&nds 

E» 

photon  energy  ! 

5- 

optic&i  g&lQ  1 

h 

Planck  constant  divided  by  2r  j 

J 

injected  current  density 

k 

Boltzman  constant 

L 

length  of  the  laser 

i, 

thickness  of  a  single  quantum-  weil 

ml 

effective  mass  in  the  conduction  band  i 

m. 

mass  of  an  electron  ' 

ml 

effective  mass  in  the  v&ience  b&nd 

N 

number  of  qu&ntum-  weils 

nt 

charge  density  in  the  quantum- well  j 

n 

refractive  index  ! 

d 

charge  of  an  electron  1 

s 

photon  density 

w 

width  of  the  metal  contact  on  the  l&ser 

3 

spontaneous  emission  coupling  coefficient 

r 

optical  confinement  factor 

3 

conventional  band- to- band  recombination  coefficient 

0} 

permittivity  of  free  space 

w 

radian  frequency 

V 

photon  life  tune 

density  in  the  quantum  v.  ell  is  determined  by 


m*kT 

7T  hrL. 


r 

In  |  1  -+-  exp 


(3) 


In  (3)  the  charge  density  is  now  expressed  in  terms  of 
quasi-Fermi  levels  and  the  spontaneous  emission  term  is 
also  described  in  terms  of  quasi-Fermi  energies. 

The  stimulated  emission  term  in  ( 1)  can  be  expressed 
as  rc'gm5.  which  depends  linearly  on  the  photon  density 
present  in  the  active  region.  The  confinement  factor  f  de¬ 
pends  on  the  geometry  and  the  material  composition  of 
the  laser,  and  will  be  discussed  in  the  next  section.  The 
optical  gain  gm  is  a  complicated  function  which  depends 
not  only  on  the  geometry  and  material  composition  of  the 
device,  but  also  on  the  driving  current.  A  key  step  of  this 
work  is  the  derivation  of  a  closed-form  analytic  expres¬ 
sion  for  gm.  Instead  of  assuming  that  the  optical  gain  gm 
depends  linearly  on  the  earner  density,  we  have  calcu¬ 
lated  in  order  to  provide  a  stronger  connection  to  the 
physical  phenomena  of  quantum-well  lasers  Onginailv. 
this  method  was  developed  by  Lasher  and  Stem  (I2j  to 
calculate  transitions  in  bulk  GaAs  matenal  and  later  ex¬ 
tended  bv  several  authors  to  transitions  in  a  quantum  well 
[9j.  (13).  [14]  In  our  calculation  band-to-band  stimulated 
recombination  is  assumed  to  be  dominant  between  the  first 
electron  and  heavy  hole  states  and  the  light  hole  effect  is 
neglected  When  the  recombination  is  dominated  by  the 
band-to-band  recombination,  the  optical  gain  denved  un¬ 
der  ^-selection  rules  is  given  by 


|  u-rd  i  Si  "i  f  (  E.r.  E' )  -  t\  (  E'.  ) )  dE.  1  4  ) 
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Here  ona  is  the  reduced  density  of  states,  |  M  |  is  the  tran¬ 
sition  matrix  element.  fc  iEfc,  £')  and  /,  (£/,„  £,',)  are  the 
Fermi  distribution  functions  in  the  conduction  and  va¬ 
lence  bands,  respectively,  and  E'c  and  £,',  are  given  as 


E'c  = 


m„ 


m ? 


fTlv 


(E*  -  f,) 


(5) 


and 


£,',  = 


m; 


ml  +  m,, 


IE*  ~  Es) 


(6) 


where  Eg  is  the  bandgap  of  the  material  and  £ph  is  the 
photon  energy.  The  photon  energy  £ph  =  hu  is  deter¬ 
mined  by  the  material  and  the  structure  of  the  laser,  and 
is  an  input  parameter  to  our  model.  The  value  of  £ph  can 
be  either  extracted  from  the  actual  device  measurement 
data  or  from  a  device  simulator.  The  reduced  density  of 
states  function  in  two-dimension  (2-D)  form  is  given 
by 


marily  use  node  voltages  as  circuit  variables.  We  assume 
that  the  potential  difference  between  two  quasi-Fermi  lev¬ 
els  is  equal  to  the  applied  voltage. 

If  the  quantum  well  is  made  of  intrinsic  material  and 
the  charge  neutrality  condition  is  valid  locally,  the  quasi- 
Fermi  level  in  the  conduction  band  can  be  calculated  from 

[(1  +  e£>/*7y  +  l]e£fi/kT  =  <?»*''’ "e"*r  (11) 

where  n  =  mc/mt.  and  Vn  is  the  nominal  voltage  across 
the  active  region.  Applying  the  Newton-Raphson  method 
to  (11),  Efc  can  be  found  numerically.  Then  EJV  is  given 
as 

Efv  —  Efc  -  qV n.  (12) 

Since  both  E{e  and  Eft,  can  be  expressed  in  terms  of  the 
applied  voltage,  (3)  and  (8)  now  can  be  expressed  as  func¬ 
tions  of  the  applied  voltage. 

It  is  difficult  to  find  a  closed-form  solution  of  £,<■  di¬ 
rectly  from  (1 1).  An  empirical  formula,  derived  by  using 
a  data  fitting  method,  is  expressed  as 


Pred 


1 

ith:Lz 


mc  mv 

M  'M  ' 

m *  +  mv 


(7) 


This  reduced  density  of  states  function  (2-D)  is  indepen¬ 
dent  of  the  energy.  Following  the  method  proposed  by 
Kane  (15],  the  matrix  element  |  M  |  can  be  approximated 
as  a  constant.  Therefore,  the  gain  function  in  (4)  is  cal¬ 
culated  to  be 

.  =  .  2?zl _ <m-L  . 

Sm  e0m*  crihE*  m*  +  m*  1  1 

•  [/c(£/c,  El)  -  /t, (£/,.,  £,'.)]■  (8) 

Here  j  M  I2,  the  square  of  the  dipole  matrix  element  of  the 
transition  between  band  edges,  is  given  by 

|A/|:  =  \.33KmmeEr  (9) 

In  (8),  the  optical  gain  is  now  expressed  as  a  function  of 
quasi-Fermi  levels. 

Eq  is  an  experimentally  derived  input  parameter  to  the 
model;  when  experimental  data  are  not  available,  it  is  cal¬ 
culated  in  the  model  from  the  infinite  potential  well  ap¬ 
proximation  under  the  lasing  condition  [14] 

Eq  <  E,c  -  Efl„  (10) 

The  adjustable  parameter  K „  takes  into  account  different 
polarizations  of  the  dipole  moment  as  well  as  other  effects 
of  the  transition  [14],  [16].  When  K „  is  equal  to  one.  (9) 
represents  the  matrix  element  of  the  dipole  moment  of  a 
TE  wave  between  the  band  edges.  Although  K „  is  an  ad¬ 
justable  parameter,  it  would  be  inappropriate  to  take  a 
value  much  larger  than  two  1 16). 


C.  External  Applied  Voltage 

In  the  previous  section,  the  charge  density  n„  and  the 
optical  gain  are  expressed  in  terms  of  two  quasi-Fermi 
levels.  But.  Fermi  leveis  are  not  physically  observable 
quantities;  furthermore.  circuit  simulation  programs  pn- 


Efc  « 


E  -0.6755  +  0.4871  ^ 

■  -0.2077  -  0.4253 K„  +  0.4895F; 
-  0.03359^  -  0.001999V* 


if  Vn<  1.1 


otherwise. 


(13) 


This  empirical  formula  is  valid  over  the  range  of  - 1  to 
3.5  V.  Since  the  energy  bandgap  of  GaAs  is  1.424  eV,  it 
is  not  expected  that  the  quasi-Fermi  levels  will  reach  a 
level  much  above  the  energy  bandgap.  Therefore,  this 
empirical  formula  is  well-suited  for  modeling  of  a  GaAs- 
based  quantum-well  laser.  Values  of  parameters,  which 
have  been  used  in  the  computation,  are  given  in  Table  II. 

Fig.  1  illustrates  the  gam  gm  as  a  function  of  the  applied 
voltage  across  the  active  region.  It  shows  that  the  gain, 
actually  a  loss,  is  nearly  a  constant  in  the  low  applied 
voltage  region.  As  the  applied  voltage  becomes  larger  than 
a  certain  threshold  voltage.  gm  increases  quickly  as  a  large 
population  inversion  is  created  in  the  active  region.  How¬ 
ever.  when  the  applied  voltage  becomes  still  larger,  a  sec¬ 
ond  threshold  voltage  is  reached  and  the  gam  saturates. 
Because  the  optical  gain  depends  also  on  the  wavelength 
of  the  photon,  further  increases  in  charge  density  in  the 
quantum-well  only  generate  higher  energy  electron-hole 
pairs.  The  probability  for  stimulated  recombination  of 
these  electron-hole  pairs  by  low-energy  photons  is  small. 
Thus  they  contribute  little  to  increasing  the  optical  gam 
for  that  particular  wavelength. 


D.  Photon  Density  in  the  Active  Region 

For  most  semiconductor  lasers,  the  cavity  structure  of 
the  active  region  can  be  considered  as  a  Fabrv-Perot  res¬ 
onator.  It  is  necessary  to  include  this  effect  into  ill  and 
1 2)  to  provide  a  self-consistent  analysis.  The  wave  prop¬ 
agated  inside  the  laser  cavuy  is  not  a  plane  wave  in  gen¬ 
eral;  it  is  very  difficult  to  derive  a  c'osed-form  analytical 
formula  based  on  a  nonplane  wave.  For  a  rirst-order  ap- 
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TABLE  11 

The  Parameters  for  Gain  Calculation 


Parameters 

Value 

index  of  refraction  ft 
wraveiength  A 
me 

recombination  energy 
temperature  T 

3.5S 

mw 

0.067m, 
0.45m, 
lASicV 
300*  K 

A  detailed  derivation  is  shown  in  the  Appendix.  For  quan¬ 
tum-well  lasers  without  facet  coatings,  the  reflectivities  at 
both  ends  of  a  laser  are  equal,  i.e..  =  R2  =  R.  Above 

the  threshold  condition  the  loss  will  be  approximately 
equal  to  the  gain 

SL  =  In  Q;)-  ( 18) 


proximation,  we  use  a  plane  wave  (TEM)  approximation. 
Based  upon  this,  a  simplified  method  can  be  applied  to 
analyze  the  Fabry-Perot  resonator  (see  the  Appendix). 
The  average  photon  density  in  the  laser  cavity  is  given  bv 
[171,  [181 


Then  the  output  light  power  can  be  expressed  as 

=  («'■  NLz)gL~-  ■  S.  (19) 


The  expression  for  average  light  power  emitted  from  the 
front  facet  is  given  by 


P 


avg 


c'WNL.Ev<n 

4 


■  S. 


(20) 


If  the  values  of  adjustable  parameters  are  chosen  prop¬ 
erly,  then  the  effects  of  unequal  facet  reflectivity  can  be 
taken  into  account  in  ( 19).  The  issues  of  modeling  of  non- 
uniform  longitudinal  distributions  of  charge  density  and 
the  more  rigorous  formula  of  wave  propagation  in  a  Fa¬ 
bry-Perot  resonator  remain  open  for  further  investigation. 


III.  The  Large-Signal  Circuit  Model 
A  useful  model  for  a  quantum-well  laser  should  1)  find 
the  current-voltage  (1-V)  characteristics  of  each  nonlin¬ 
ear  function  in  the  electrical  continuity  equation,  2)  ex¬ 
press  rate  equations  in  terms  of  appropriate  circuit  vari- 


S  = 


( e*L  -  1 )[( 1  -  /?,)(!  +  R<esL)  +  (1  -/?,)( 1  +  *,«<*•)] 
gL(  1  -  RiR2e:*L) 


gc' 


I  14) 


Here  /?,  and  R:  are  the  respective  back-facet  and  front 
facet  reflectivities,  and  L  is  the  cavity  length.  The  gain 
index  is  given  by 

g  =  ngm  -  a,)  ( 15) 

where  a ,  is  the  intrinsic  index  of  loss  of  the  quantum- 
well.  The  spontaneous  emission  rate  in  ( 14),  is  expressed 
as 

rip  =  8Bn).  |  16) 

The  average  photon  density  S  is  not  an  observable  phys¬ 
ical  quantity  and  thus  is  not  suitable  as  a  circuit  variable. 
The  output  light  power  P,,ul  carries  the  physical  informa¬ 
tion  from  a  laser,  and  therefore  is  represented  by  a  circuit 
variable  Based  upon  the  plane-wave  assumption,  the  out¬ 
put  light  power  Pm  from  a  laser  amplifier  can  be  ex¬ 
pressed  as 


r.0Evt,  WNL. 


i  I  -  /?-  )(e'L  -  I  )(R,e<L  -  I  l 

- : - - -  117) 

i  I  -  R,R^e-<L) 


ables.  3)  represent  rate  equations  by  conventional  circuit 
elements,  and  4)  find  equivalent  circuit  elements  for  par¬ 
asitic  effects  not  expressed  by  single-mode  rate  equations. 
From  the  discussion  in  Section  II.  requirements  1)  and  2) 
have  been  mostly  met.  We  now  address  requirements  3) 
and  4). 

A.  The  Equivalent  Circuit 

To  derive  an  equivalent  circuit  from  the  rate  equations, 
proper  circuit  variables  must  be  chosen.  For  the  electrical 
continuity  equation.  (I),  this  means  expressing  every 
nonlinear  function  as  a  function  of  node  voltages.  Due  to 
the  fact  that  the  laser  output  power  P„u(  is  the  main  phys¬ 
ical  quantity  which  carries  the  information  to  the  system. 
P,u,  was  chosen  to  be  a  special  circuit  variable.  Selecting 
the  light  output  power  as  j  circuit  variable  is  equivalent 
to  defining  it  as  an  optical  voltage"  in  the  circuit  sim¬ 
ulation  program. 

Equations  (3)  and  (8)  can  now  be  expressed  as  func¬ 
tions  of  the  applied  voltage  by  using  1 12)  and  1 13).  By 
including  the  volume  of  the  active  region  and  normalizing 
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the  electrical  continuity  equation  accordingly,  the  recom¬ 
bination  current  caused  by  spontaneous  emission  can  be 
expressed  as 

/sp  =  qNL.WLBn].  (21) 

Equation  (21)  describes  the  /-  V  characteristics  of  the  non¬ 
linear  resistor  representing  the  spontaneous  emission  cur¬ 
rent.  The  recombination  current  from  stimulated  emission 
can  be  derived  as  follows: 


LTg„Plvg 


(22) 


in  which  the  /-  V  characteristic  of  a  nonlinear  resistor  rep¬ 
resents  the  stimulated  emission  current,  with  gm  expressed 
by  the  applied  voltage.  T  is  the  confinement  factor  of  the 
optical  waveguide  and  is  a  function  of  the  structure  and 
material  composition  of  the  laser.  In  our  model,  the  con¬ 
finement  factor  is  an  input  parameter.  When  the  value  of 
T  is  not  specified  by  the  user,  it  is  calculated  by  a  simple 
formula  [9]  in  our  model. 


T  =  0.3 


L. 

'  Tooo 


(23) 


By  applying  the  chain  rule  to  the  derivative  of  charge  den¬ 
sity  the  term  representing  the  time  rate  of  change  of 
the  charge  density  can  be  expressed  as  a  product  of  Cn 
and  dV /dt.  with  C,  expressed  as 

dnr(Vn) 

C„  =  qN.  WL  — — —  (24) 

dVn 

Physically,  this  term  represents  the  charge  storage  effect 
in  the  active  region.  Rearranging  the  two  sides  of  the  elec¬ 
trical  continuity  rate  equation.  (1),  the  radiative  recom¬ 
bination  current  /,.  in  the  quantum-well  region,  can  be 
expressed  as 


/.  =  fj  K)  -  rj  K.  p .,„«)  -  c„  ^ 


125) 


Thus  the  electrical  continuity  rate  equation  is  now  trans¬ 
lated  into  an  equivalent  circuit. 

The  procedure  for  modeling  the  optical  continuity 
equation.  (2).  is  similar.  For  computational  accuracy,  the 
intermediate  variable  PJV„,  which  can  be  coupled  to  the 
output  port  by  a  coupling  coefficient,  is  adopted  instead 
of  the  actual  Applying  (20)  to  i  1)  and  (2)  to  replace 
5  with  P1V,  and  normalizing  (2)  with  respect  to  the  volume 
of  the  active  region.  PJV8  can  be  calculated  from 


'Y,p/,p  ~*  Y /sl 


P,v„  dP„ 
X  “  C’P  ~dt 


(261 


Here  the  coupling  coefficients  are  defined  as  «,p  = 
■U  E?n/  qL  i  and  »x.r  =  Erh,  qL.  I.v  and  /„  have  been  de¬ 
fined  in  (21 1  and  (22).  respectively  Both  m.0Ev  and  a„/s, 
can  be  modeled  as  a  pair  of  current  controlled  current 
sources  in  the  optical  portion  of  the  equivalent  circuit. 


The  light  absorption  effect  in  the  cavity  is  represented  by 
an  equivalent  resistance 


where  rph  is  the  photon  lifetime  in  the  optical  cavity.  rph 
can  be  calculated  from  the  following  simple  equation: 

rph  =  Kr  •  — ;  (28) 

where  a|0SS  is  the  loss  coefficient  in  the  laser  cavity.  Be¬ 
cause  it  is  difficult  [14]  to  determine  a|0ss  for  the  active 
region  without  knowing  the  phase  information  of  the  light 
wave,  an  adjustable  parameter  Kr  is  introduced  which 
should  be  chosen  as  close  to  one  as  possible.  Cop  repre¬ 
sents  the  photon  storage  effects  in  the  Fabry-Perot  reso¬ 
nator  and  is  given  as 

Cop  =  ^2.  (29) 

c 

The  adjustable  parameter  Kco  accounts  for  the  effects  of 
photon  storage  outside  the  defined  active  region.  Equa¬ 
tions  (25)  and  (26)  are  represented  by  the  equivalent  cir¬ 
cuit  inside  the  dashed  lines  of  Fig.  2. 

When  the  input  current  is  below  the  threshold,  the  l-V 
characteristic  of  a  laser  diode  is  similar  to  that  of  an  or¬ 
dinary  diode  indicating  that  the  nonradiative  recombina¬ 
tion  process  is  similar  for  both.  Therefore,  the  nonradia¬ 
tive  recombination  current  is  modeled  as  an  ideal  diode 
which  is  in  parallel  with  the  model  for  the  active  region. 
The  series  resistor/?,,  in  Fig.  2  represents  the  voltage  drop 
outside  the  depletion  region.  The  depletion  and  diffusion 
capacitances  of  a  conventional  diode  have  also  been  in¬ 
cluded  by  a  capacitance  Cd  in  parallel  to  the  ideal  diode 
model. 

Although  only  single-mode  rate  equations  have  been 
adapted  in  our  model,  the  spontaneous  emission  into 
modes  other  than  the  lasing  mode  can  also  be  taken  into 
account  by  using  another  equivalent  circuit  driven  by  a 
dependent  source  shown  in  Fig.  2.  where  a(p  = 
d3vg ( £Ph /  )  is  the  coupling  coefficient.  J3Vg  is  the  effec¬ 
tive  spontaneous  emission  coupling  efficient  for  nonlasing 
modes  being  detected,  and  is  determined  experimentally . 
It  is  assumed  that  the  average  loss  and  the  photon  storage 
effect  in  nonlasing  modes  are  the  same  as  those  of  the 
lasing  mode.  i.e..  /?,'  =  R,  and  C,(p  =  Cop.  Since  the  total 
light  output  power  is  the  superposition  of  the  two  optical 
voltages,  the  output  port  consists  of  two  voitage  con¬ 
trolled  voltage  sources  in  senes. 


B.  Limiting  Scheme  for  Simulation 

General-purpose  circuit  simulators  apply  Newton- 
Raphson  method  to  rind  solutions  of  nonlinear  elements 
in  the  differential  equations.  Unfortunately,  this  method 
does  not  guarantee  the  nght  solution  among  a  set  of  mul¬ 
tiple  solutions,  especially  for  the  rate  equations  for  lasers 
Since  lasers  are  inherently  positive  feedback  devices,  there 


GAO  ii  at..  OPTOELECTRONIC  INTEGRATED  CIRCUITS 


1211 


"'ll* 

❖ 


$ 


Fig.  2.  The  equivalent  circuit  of  the  quantum-well  laser. 


TABLE  ill 

The  Parameters  of  the  QW  Laser  Model 


Model  Parameters 

Value 

laser  length" 

584(^mj 

laser  width 

150(^m) 

quantum- well  width 

51.0(A) 

wavelength  A 

3350(A) 

intrinsic  loss  of 

I4.5(cm‘'1'] 

radiative  recombination  coefficient  B 

3  4  x  10  "  (cm’V ') 

coupling  coefficient  B 

1  0  x  10’' 

reflectivity  R 

0.3 

quantum- well  energy 

1 ,482(elO 

a. 

3.2(01 

Qonradiative  recombination  curreot  I0 

7.36  x 

ideality  factor  n 

2.11 

depletion  capacitance  Co 

139  MpF) 

ft. 

0.9 

AT. 

1.0 

ft- 

31.0 

are  other  solutions  which  are  numerically  more  stable  than 
the  solution  of  the  real  lasing  point.  Without  any  special 
selection,  the  output  voltage  of  the  laser  model  may  be¬ 
come  negative,  which  is  nonphysical.  In  the  steady  state, 
physical  mechanisms  limit  the  gain  such  that  it  will  never 
become  larger  than  the  loss.  In  a  numerical  calculation, 
however,  gain  being  larger  than  loss  is  a  stable  solution 
to  rate  equations  and  results  in  a  negative  optical  output 
voltage.  Thus,  it  is  necessary  to  prevent  the  value  of  the 
optical  gain  gm  from  reaching  a  value  larger  than  the  loss. 
The  following  heuristic  method  has  been  used  in  our 
model . 


If  I  ^inew  ^imu  4nd  Kipucal  0 1  then 


K  =  Kou  -  ( K**  ~  Kcu  I  1  - 


V  —  V 

r  limti  r  nold 

V  —  V 

r  mew  F  rjold 


otherwise 


V.  =  V., 


(30) 


Here  K,new  and  K,old  are  values  of  K,  at  the  present  and 
the  previous  iteration  steps,  and  is  the  value  of  V„ 
which  makes  the  gain  equal  to  the  loss.  This  method  ef¬ 
fectively  forces  the  circuit  simulator  to  find  the  right  so¬ 
lution  point  of  the  rate  equations. 

One  important  aspect  in  numerical  computation  is 
checking  the  numerical  errors.  Since  the  output  power  is 
defined  as  one  of  the  circuit  variables  in  circuit  simula¬ 
tion.  it  is  necessary  to  consider  its  numerical  accuracy. 
Because  the  output  from  a  semiconductor  iaser  is  in  the 
range  of  milliwatts  i  mWi,  we  use  it  as  the  unit  tor  the 
laser  output  to  keep  the  range  of  numerical  errors  approx¬ 
imately  to  the  same  order  for  all  circuit  variables. 

Some  previous  semiconductor  laser  models  have  been 
incorporated  indirectly  into  circuit  simulators  through 
their  input  riles,  which  greatly  limits  the  accuracy  flexi¬ 
bility,  and  generalization  of  the  model.  We  chose  to  im¬ 
plement  our  model  directly  into  a  general-purpose  circuit 
simulator  iSMILE  (20|  The  input  format  of  our  QW  laser 
model  is  the  same  as  those  of  other  active  device  models. 


The  user  defines  the  connection  to  the  input  and  the  output 
nodes  of  the  laser  diode  and  specifies  the  parameters  in 
the  input  cards  of  the  circuit  simulator.  If  not  enough  pa¬ 
rameters  have  been  specified,  the  model  takes  default  val¬ 
ues  automatically  or  calculates  them  from  the  given  val¬ 
ues. 

IV  Simulation  Results 

Our  model  has  been  tested  extensively.  The  simulation 
outputs  are  compared  with  a  wide  range  of  published  data 
and  our  own  experimental  results.  With  a  suitable  choice 
of  adjustable  parameters,  the  model  predictions  can  pro¬ 
vide  an  excellent  match  with  experimental  data.  In  this 
section,  the  simulation  results  are  compared  with  mea¬ 
sured  dc  and  transient  curves  from  a  broad-area  graded- 
bamer  quantum-well  heterostructure  laser  grown  by 
metaiorganic  chemical  vapor  deposition  (MOCVD)  [21]. 
The  parameter  values  are  listed  in  Table  III. 

The  dc  curves  are  measured  using  a  voltage  source  con¬ 
nected  to  the  laser  diode  through  a  50  Q  senes  resistor  as 
shown  m  Fig  3(a).  Fig.  3(b)  shows  the  circuit  for  the 
transient  measurement  system  which  includes  the  stray 
parasitics.  The  dc  I-V curve  is  shown  in  Fig  4(a)  and  the 
L-I  curve  is  shown  in  Fig.  4(b)  The  solid  lines  indicate 
expenmental  data  while  the  dashed  lines  indicate  simu¬ 
lation  data.  Fig.  4(a)  and  (b)  show  that  simulation  dc 
curves  match  the  expenmental  data  extremely  well.  The 
only  discrepancy  in  the  L-I  curve  occurs  at  the  threshold 
current  where  the  simulation  curve  shows  a  sharper  comer 
than  the  expenmental  data.  This  discrepancy  mav  result 
from  the  approximation  of  (he  lasing  condition  in  the 
Jenvation  of  P  and  5  relations 

With  a  more  accurate  analysis  of  the  Fabrv-Perot  res¬ 
onator.  a  better  simulation  curve  may  be  obtainable  If  the 
spontaneous  emission  coupling  coefficient  J  is  chosen  to 
be  larger  than  0  2.  then  a  better  fit  of  the  L-I  curve  can 
be  achieved  even  with  the  current  model  However,  it  is 
generally  agreed  that  d  should  not  be  larget  than  0  1  |22]. 
Further  investigation  is  needed  to  determine  whether  such 
a  large  value  of  J  can  be  obtained  from  the  amplification 
of  nonlasing  modes,  namely,  superradiance  Fig.  5  shows 
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Fig  3.  (a)  The  experimental  setup  for  the  measurement  of  dc  character¬ 
istics  of  the  QW  laser  ib)  The  experimental  setup  for  the  measurement 
of  transient  characteristics  of  the  QW  laser. 
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Fig.  5.  Companson  of  expenmenial  and  simulation  transient  characteris¬ 
tics  of  a  QW  laser. 
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Fig  b  i  a)  A  circuit  of  an  optical  interconnection  with  a  QW  laser  as  ihe 
ight  source,  a  MODFET  as  the  driver,  and  a  p-i-n  diode  as  the  detector 
lb)  Simulation  waveforms  of  the  circuit  shown  in  Fig  6a 

the  transient  expenmenial  curves  versus  the  simulation 
curves.  The  expenmenial  data  were  sampled  directly  from 
oscilloscope  outputs  and  the  simulation  data  are  the  prod¬ 
uct  of  real  outputs  and  a  calibration  factor  from  expen- 
mental  measurements.  Both  the  expenmenial  results  and 
simulation  data  indicate  that  there  are  no  obvious  effects 
of  relaxation  oscillation.  In  summary,  our  large-signal 
model  is  capable  of  fitting  a  wide  range  of  expenmenial 
data  both  in  dc  and  transient  cases. 

Fig.  6ia)  and  ibl  illustrate  the  use  of  our  quantum-well 
laser  model  as  a  modulated  light  source  in  the  simulation 
of  an  optoelectronic  integrated  circuit.  Fig.  hiai  shows 
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the  circuit  of  an  optical  interconnection,  in  which  the  Q W 
laser  is  driven  by  a  MODFET  driver.  The  laser  output  is 
passed  through  a  waveguide  to  a  p-i-n  diode  followed  by 
a  transimpedance  receiver.  The  input  and  output  wave¬ 
forms  are  shown  in  Fig.  6(b).  The  waveform  at  the  bot¬ 
tom  of  Fig.  6(b)  is  the  input  waveform,  the  one  in  the 
middle  is  the  output  from  the  laser,  and  the  top  one  is  the 
output  from  the  receiver. 

V  AC  Analysis  and  the  Small-Signal  Model 

A  small-signal  model  can  be  derived  from  the  steady- 
state  solution  of  rate  equations  with  a  small  perturbation 
AVeJU“  added  to  the  external  applied  voltage.  For  small 
perturbations,  a  linearized  set  of  small-signal  equations 
can  be  derived  from  (l)  and  (2). 

Suppose  that  in  steady  state,  a  small  ac  signal  is  super¬ 
imposed  on  the  applied  voltage,  i.e.,  V  =  V0  +  Avelu< , 
and  let 

lr  =  fr0  +  At Ola) 

ne  =  nt  o  +  AneJU“  (31b) 

gm  =  grti  +  ±geJU'  (31C) 

P„g  =  P  avgo  +  ±peM.  Old) 

Here  V0  is  the  dc  bias  voltage  and  u  is  the  small-signal 
angular  frequency;  ne0,  g^,  /r0,  and  Pavg0  are  the  respec¬ 
tive  steady-state  solutions  of  the  charge  density  equation, 
the  optical  gain  equation,  and  rate  equations;  An,  Ag,  Si 
and  Ap  are  magnitudes  of  the  corresponding  small-signal 
perturbations.  Applying  this  set  of  perturbations  to  (1)  and 
(2)  and  neglecting  higher  order  terms,  the  small-signal 
version  of  rate  equations  can  be  derived  as 

j*Cn\v.V0  •  AV 

=  Ai  -  G%l(g^p  +  AgP^0) 

-  2G%vBn^An  ( 32 ) 

JuC^p 

=  2or,pC,pB/irt  An 

*  a«G«(g,rtP  -t-  AgPiVt0)  -  j  (33) 

Kt 

where 

4  q 

G„  =  ~  TL  ( 34 ) 

£ph 

and 

=  q  I  VL.  WL)  I  35  1 

The  steadv->tate  solutions  n„,h  /,0,  and  Plve,p  can 
either  be  calculated  from  i3).  18),  125).  and  (26).  with  V 
=  K,.  or  denved  trom  dc  simulation  results  by  using  the 
large-signal  model.  Based  upon  the  definition  of  a  small- 
signal  perturbation,  in  and  -ie  can  be  denved  by  differ- 


Fig.  7  The  small-signal  model  of  a  QW  laser. 


f  (Hi ) 

Fig.  3.  Modulation  characteristics  of  a  QW  laser  versus  frequency. 


entiating  (3)  and  (8),  and  then  multiplying  them  with  Av 
as  follows: 

dn. 

An  =  —■  ■  Av  (36) 

dV  v.vn 

and 

is-^j  -i*  (37) 

The  small-signal  equivalent  circuit  model  can  be  denved 
from  (32)  and  (33),  using  the  same  technique  as  used  for 
the  large-signal  model.  Fig  7  shows  the  small-signal 
equivalent  circuit  model  for  a  quantum-weil  laser,  where 
P,i  dgm /  dV\ y  *  *  PjvaU'  g  G^tgmo  and  Pjt 

ZG^pBn^An.  Finally,  in  the  output  port  the  P,v g  is  multi¬ 
plied  by  a  constant  to  provide  P„m. 

Fig  7  shows  that  the  topology  of  this  small-signal 
model  is  similar  to  that  of  the  large-signal  model,  as  ex¬ 
pected.  since  both  models  are  denved  from  rate  equa¬ 
tions.  The  spontaneous  emission  effects  of  modes  other 
than  the  lasing  mode  are  neglected  in  the  small-signal 
model  Funher  study  of  the  modulation  charactenstics  in 
the  frequency  domain  of  QW  lasers  could  lead  to  the  ad¬ 
dition  of  more  parasitics  to  the  small-signal  model 

Fig.  8  shows  the  simulation  frequency  charactenstics 
of  a  broad-area  graded-bamer  quantum-well  laser  The 
curve  is  generated  by  usina  our  small-signal  model  with 
the  package  parasitics  given  in  |23|.  The  parameter  set 
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for  the  laser  in  this  simulation  is  the  same  as  for  the  dc 
and  the  transient  simulations.  The  conventional  peak  at 
the  frequency  of  relaxation  oscillations  is  not  obvious  on 
this  curve.  This  is  consistent  with  the  experimental  and 
simulation  results  for  the  transient  curve  shown  in  Fig. 
5(a)  and  (b).  As  this  laser  originally  was  designed  for 
high-power  operation,  it  may  not  be  suitable  for  high-fre¬ 
quency  modulation  due  to  the  large  parasitic  capacitance. 

VI.  Summary 

A  new  large-signal  circuit  model  for  quantum-well  la¬ 
sers  has  been  developed,  implemented,  and  validated. 
With  emphasis  on  physical  principles,  we  incorporated  the 
phenomena  of  the  recombination  process  of  electron-hoie 
pairs  and  the  lightwave  resonance  in  the  active  region  into 
our  model.  The  model  parameters  are  readily  extracted 
from  the  measured  experimental  data.  A  small-signal 
model  for  ac  analysis  has  also  been  developed  to  address 
the  issue  of  modulation  properties  of  quantum- well  lasers. 
Simulation  results  demonstrated  excellent  agreement  with 
experimental  data.  Our  model  can  be  readily  implemented 
into  general-purpose  circuit  simulators,  and  enables  effi¬ 
cient  and  accurate  analysis  of  integrated  optoelectronic 
circuits. 


/?,  fix 


Fig.  9  A  simplified  configuration  ot  a  Fabry- Perot  resonator. 


(A3b),  can  be  written  as 


r(z) 


rsp£phr(l  +  R2e*L)  -  R,(  1  +*,«") 
zg  1  -  RxR2el*L 


( A4a) 


I~(Z)  = 


'■sp'Eph  f  ( 1 


+  RtesL)  -  R,(  1  -  R1eiL) 
1  -  R,R2e^L 


Appendix 

The  calculation  of  the  average  photon  density  and  the 
output  light  pwer  in  the  laser  cavity  can  be  found  in  many 
recent  publications  including  [17]  and  [24],  For  the  con¬ 
venience  of  readers,  the  calculations  are  shown  here. 

Fig.  9  is  a  simplified  figure  for  a  Fabry-Perot  resona¬ 
tor.  With  the  assumption  of  plane  wave  propagation,  the 
forward-going  light  intensity  in  the  cavity  /  *  and  back- 
ward-going  light  intensity  I  "  can  t  calculated  from  the 
following  differential  equations. 

dl  *  ( c )  r.. 

— -  =  Pi  *(:)-  —  ■  £ph  (Ala) 

,1-  ■* 

a*.  v- 

dl  ~  (  C )  r<  p 

— —  =-<?/*(;)--•  £ph  I  Alb) 
dZ  Z 

where 

r\p  =  3  Bn';.  IA2) 

For  a  .onventional  laser  cavity,  the  following  boundary 
conditions  can  be  applied: 

/  ' f o )  =  RJ  '(0)  i  A3a) 

and 

r(L  I  =  RJ'IL).  I  43b  I 

The  solutions  ot  differential  equations  i Ala)  and  (Alb), 
subject  to  the  boundarv  conditions  given  in  i  A 3 a >  and 


The  output  power  Pou,  is  the  forward-going  light  inten¬ 
sity  multiplied  by  the  transmission  coefficient  and  the  sur¬ 
face  area. 

Piml  =  (l  -  Ri)WNL  ■  l'(L).  (A5) 

Substitution  of  (A4a)  into  (A5)  leads  directly  to  (17). 
Also.  /jv?  and  /  the  average  light  intensities  in  two 
directions  inside  the  laser  cavity,  can  be  calculated  from 
the  following  integrals: 

1  \L 

I  ~  =  -  \  1  (z)  dz  (  A6a ) 

L  Jo 

and 

1  \L 

r  =  -  /'(;)  dz.  (A6bl 

L  vi) 

Under  the  single-mode  approximation,  the  average  pho¬ 
ton  density  in  the  laser  cavity  is  given  as 

^  ~~  Ti  “  1  ^  avg  **“  ^  jvg )  •  1  A  /  ) 

^ph 

The  factor  of  two  is  due  to  the  existence  of  two  polariza¬ 
tions  of  light  waves.  Substituting  iA4ai  and  (A4bi  into 
(A6a)  and  (Abb),  carrying  out  the  integration  calculation, 
and  then  applying  the  integral  results  to  i.47)  leads  to  the 
result  in  1 14). 
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ABSTRACT 

The  influence  of  the  specimen  temperature  during  MeV  Kr  irradiation  on  the  extent  of 
compositional  disordering  in  GaAs-AiAs  superlattices  (SLs)  has  been  determined.  We  have 
investigated  whether  radiation-enhanced  diffusion  (RED)  could  be  employed  to  reduce  the  dose 
required  to  completely  disorder  a  SL  by  ion  implanation.  Metalorganic  chemical  vapor  deposition 
grown  GaAs-AlAs  SLs  were  implanted  with  0.75  MeV  Kr  to  a  dose  of  2xl016  cm'-  at  various 
sample  temperatures  ranging  from  133  K  to  523  K.  The  extent  of  disordering  induced  by  the 
irradiations  was  determined  by  Rutherford  backscattering  spectrometry  and  secondary  ion  mass 
spectrometry.  For  low  temperature  irradiations  (133  K  to  233  K),  complete  intermixing  of  the  SL 
is  observed.  However,  the  extent  of  intermixing  of  the  SL  decreases  with  increasing  specimen 
temperature  between  room  temperature  and  523  K.  We  propose  two  possible  explanations  to 
interpret  these  results:  (i)  that  the  amount  of  ion  beam  mixing  decreases  with  increasing 
temperature;  and  (ii)  that  the  RED  coefficient  is  negative  which  suggests  the  existence  of  a 
miscibility  gap  in  the  GaAs-AlAs  SL  system. 


INTRODUCTION 

Compositional  disordering  of  III- V  compound  semiconductor  epitaxial  structures  has  great 
promise  for  the  microfabrication  of  unique  optical  and  electronic  devices.  In  recent  years, 
considerable  interest  has  been  shown  in  efforts  directed  towards  fabricating  buned  heterostructure 
(BH)  lasers  [1]  by  compositional  disordering  of  the  active  region  of  the  device.  The  authors  have 
previously  reported  [2]  the  fabrication  of  index-guided  BH  lasers  in  which  we  utilize  the 
compositional  disordering  and  semi-tnsulating  characteristics  [3)  of  MeV  oxygen  implanted 
AlGaAs  layers.  A  single  oxygen  implant  into  a  sample  through  a  stripe  mask  results  in  lateral 
confinement  of  both  the  optical  fieid  and  injected  earners  tsee  Fig.  1).  High  dose  oxygen  implants 
(1017  cm'2)  are  necessary  [3).  though,  to  induce  Jie  compositional  disordenng  required  to  confine 
the  optical  field  and,  thereby,  achieve  index-guided  laser  operation.  However,  we  observe  that  low 
dose  implants  (-1014  cm-2)  are  sufficient  [2|  to  compensate  the  layers.  Therefore,  the  transverse 
straggle  of  the  implant  leads  to  a  large  compensated  region  under  the  implantation  mask  which 
results  in  a  substantial  increase  in  the  threshold  current  of  very  narrow  smpe  width  lasers.  We  have 
thus  considered  using  radiation-enhanced  diffusion  to  decrease  the  dose  required  to  induce  the 
compositional  disordenng  of  the  AlGaAs  heterostructure. 

During  an  implantauon,  the  temperature  |4]  of  the  sample  significantly  affects  the  diffusion 
of  defects  and,  therefore,  the  extent  of  mixing.  Three  temperature  regimes  (4-7]  are  distinguishable 
in  the  chemical  imerdiffusion  coefficient  during  implantation  (see  Fig.  2).  At  high  temperatures, 
thermal  diffusion  is  the  most  significant  mixing  mechanism  but  the  diffusion  coefficient  decreases 
rapidly  with  decreasing  temperature  due  to  a  high  activation  energy.  At  intermediate  sample 
temperatures,  radiation-enhanced  diffusion  dominates;  it  is  also  exponentially  dependent  on  the 
sample  temperature  but  the  activation  energy  for  the  process  is  less  than  that  of  the  thermal 
diffusion  process.  At  lower  sample  temperatures,  mixing  is  dominated  by  ion  beam  mixing  which 
is  usually  assumed  to  be  nearly  independent  of  temperature. 

Ion  beam  mixing  ( 5-6,8 1  in  the  low  temperature  regime  is  a  result  of  the  diffusion  which 
occurs  during  the  dissipation  of  the  energy  transferred  during  collisions  between  the  implanted  ion 
and  the  target  nuclei,  i.e.  a  result  of  the  mixing  within  the  displacement  cascades.  Early  in  the 
cascade  evolution,  atoms  are  displaced  from  their  lattice  sues  by  collisions  with  energies  greater 
than  -  5  eV  Later,  when  the  initial  recoil  energy  becomes  partitioned  among  all  atoms  in  the 
volume  of  the  cascade,  a  thermal  spike  condition  develops  and  diffusion  takes  place  within  the  hot 
spike.  Although  questions  about  thermal  spike  dynamics  remain,  it  is  recognized  (4-5.8]  that 
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Fig.  1.  Schematic  of  an  index-guided  buried 
heterostruciure  laser  diode  fabricated  by 
exploiting  the  characteristics  of  MeV  oxygen 
implantation. 


Fig.  2.  An  Arhennius  plot  illustrating  the 
typical  temperature  dependence  of  the  chemical 
interdiffusion  coefficient  for  an  irradiated 
sample.  At  high  temperatures,  thermal 
diffusion  dominates,  whereas  at  low 
temperatures  ion  beam  mixing  is  dominant.  At 
intermediate  temperatures,  defects  generated  by 
the  irradiation  enhance  the  normal  diffusion 
leading  to  a  significantly  higher  diffusion 
coefficient 


atomic  motion  occurs  while  the  atoms  are  highly  excited,  with  atomic  energies  on  the  order  of 
1  eV  Because  the  atomic  rearrangements  occur  with  such  high  energies  relative  to  the  ambient 
lattice  temperature,  the  system  can  be  driven  far  from  equilibrium. 

In  addition  to  creating  atomic  disorder,  displacement  cascades  also  produce  point  defects, 
i.e.  vacancies  and  interstitial  atoms.  At  low  sample  temperatures,  because  of  the  disordering  and 
defects,  some  materials  will  become  amorphous.  At  elevated  sample  temperatures,  these  defects  are 
mobile  and  cause  atomic  diffusion,  usually  called  radiation-enhanced  diffusion  (RED).  Since  this 
diffusion  process  takes  place  long  after  the  thermal  spike  has  cooled  and  extends  well  beyond  the 
original  boundaries  of  the  displacement  event,  RED  tends  to  drive  the  system  towards  equilibrium. 
Although  ion  beam  mixing  and  radiation-enhanced  diffusion  both  occur  during  high  temperature 
irrad’anons,  the  latter  dominates  [7]  at  sufficiently  high  temperatures.  The  transition  between  low 
and  high  temperature  mixing  occurs  in  the  temperature  range  where  both  vacancies  and  interstitials 
become  mobile,  above  room  temperature  in  most  cases.  Finally,  at  sufficiently  high  implant 
temperatures,  the  thermally  generated  population  of  defects  becomes  significant  and  the  mixing  due 
to  thermal  diffusion  dominates  over  the  other  intermixing  mechanisms. 

This  work  focuses  on  the  influence  of  the  sample  temperature  on  the  extent  of  intermixing 
during  implantation.  We  have  investigated  whether  RED  could  be  employed  to  reduce  the  dose 
required  to  completely  disorder  a  SL  Furthermore,  we  studied  the  transition  temperature  range 
between  mixing  dominated  by  ion  beam  mixing  and  by  RED  We  will  show  the  unexpected  result 
f 9]  that  the  mixing  efficiency  decreases  with  increasing  sample  temperature  between  room 
temperature  and  523  K,  the  highest  temperature  employed  in  this  work.  We  propose  two 
explanations  for  this  result:  (i)  that  the  amount  of  ion  beam  mixing  decreases  with  temperature;  and 
(iii  that  the  radiation-enhanced  diffusion  coefficient  is  negative  between  300  K  and  523  K,  which 
implies  the  existence  of  a  miscibilitv  gap  in  the  coherent  phase  diagram  of  the  GaAs-AlAs 
superlattice  system  (wavelength  -  400  A)  with  a  critical  temperatures  greater  than  523  K. 
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EXPERIMENT 

The  samples  used  for  these  experiments  were  GaAs-AlAs  superlattice  (SL)  structures 
grown  [10]  by  atmospheric  pressure  metalorganic  chemical  vapor  deposition  (MOCVD)  at  800°C 
The  substrates  are  (100)  GaAs  doped  with  silicon  at  a  carrier  concentration  of  2xl018  cm-3.  The 
epitaxial  structure  consists  of  a  0.25  pm  GaAs  undoped  buffer  laver  underlying  a  50  period 
undoped  SL  consisting  of  alternating  layers  of  200  A  GaAs  and  200  A  AlAs.  As  a  consequence  of 
the  growth  temperature,  the  superlattice  has  a  background  p-type  carrier  concentration  of 
-lxtO18  cm-3.  The  specimens  were  irradiated  with  0.75  MeV  Kr*  at  the  Van  de  Graaff  Accelerator 
facility  in  the  Materials  Research  Laboratory  at  the  University  of  Illinois.  Various  sample 
temperatures  were  investigated  ranging  from  133  K  to  523  K.  The  dose  of  Kr  for  the  irradiation 
was  2xL016  cm-2  for  all  temperatures.  The  ion  beam  current  on  the  sample  was  kept  constant  at 
1 20  n  A  for  each  irradiation.  The  beam  was  wobbled  over  an  aperture  plate  to  provide  homogeneity 
on  the  0.1  cm2  test  spots  scribed  on  the  sample.  The  background  pressure  in  the  irradiation 
chamber  was  below  6  x  10'8  Torr  for  all  irradiations.  The  extent  of  intermixing  of  the  SL  layers 
was  determined  in  all  samples  by  Rutherford  backscattering  spectrometry  (RBS)  using  2  MeV  He* 
and  checked  in  selected  cases  by  secondary  ion  mass  spectroscopy  (SIMS).  All  specimens  were 
analyzed  at  room  temperature.  The  range  of  the  0.75  MeV  Kr*  in  GaAs  is  ~  320  nm,  and  since 
only  the  first  six  periods  of  the  SL  (240  nm)  could  be  used  for  RBS  analysis,  the  effect  of 
implanted  Kr  and  gradients  in  the  damage  distribution  can  be  neglected. 


RESULTS 

A  typical  Rutherford  backscattering  spectrum  from  an  as-grown  GaAs-AlAs  SL  sample  is 
illustrated  in  Fig.  3.  The  backscattering  geometry  is  shown  in  the  inset.  At  high  energies,  the 
oscillations  in  the  yield  are  due  to  the  changing  Ga  concentration  with  depth  into  the  SL,  whereas, 
the  oscillations  at  lower  energies,  channels  475-625,  are  due  to  the  changing  A1  concentration  with 
depth.  The  attenuation  of  these  oscillations  is  a  consequence  of  the  loss  of  resolution  with  depth 
arising  from  straggling  and  lateral  spread  of  the  analysis  beam  [11].  Rutherford  backscattering 
spectra  of  the  Kr  implanted  GaAs-AlAs  SL  samples  are  shown  in  Fig.  4.  The  spectra  are  basically 
flat  for  the  implants  conducted  with  the  sample  temperature  below  room  temperature,  which 
indicate  that  the  SL  becomes  completely  disordered  by  the  irradiation.  At  room  temperature,  some 
oscillatory  structure  is  observed  after  the  irradiation  indicating  only  partial  mixing  of  the  layers.  At 
increasingly  higher  sample  temperatures,  the  amplitude  of  the  oscillations  increases.  At  523  K.  the 
amount  of  disordering  is  far  less  than  at  low  temperatures,  although  evidence  for  partial 
disordering  is  still  clearly  visible. 


Fig.  3.  RBS  spectra  for  a  nonirradiated  GaAs-AlAs  SL  sample. 
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Fig.  4.  RBS  spectra  for  GaAs-AlAs  SL 
samples  irradiated  with  Kr  to  a  dose  of  2xl016 
cm-2  at  various  implant  temperatures.  The 
extent  of  mixing  decreases  with  increasing 
sample  temperature. 


Oupin  (A) 


Fig.  5.  SIMS  depth  profiles  of  A1  for  a 
nonirradiated  SL  sample  and  for  samples 
which  have  been  irradiated  with  Kr  to  a  dose 
of 2xl016  cm'2  at  133  K  and  523  K. 


The  depth  profiles  of  A1  concentration,  as  obtained  by  SIMS,  for  the  nonirradiated  sample 
and  for  samples  irradiated  at  133  K  and  523  K  are  illustrated  in  Fig.  5  Although  SIMS  can  not  be 
employed  for  quantitative  compositional  analysis,  it  does  reveal  the  interdiffusion  quite  clearly.  The 
specimen  irradiated  at  low  temperatures  shows  complete  disordering  from  the  surface  to 
approximately  the  projected  range  of  the  Kr  ions,  320  nm.  At  this  position  the  deposited  damage 
energy  density  decreases  rapidly  with  depth  and,  therefore,  the  ion  beam  mixing  rapidly  decreases. 
The  interdiffusion  in  the  specimen  irradiated  at  523  K,  however,  shows  only  partial  intermixing, 
with  no  obvious  dependence  on  depth  until  the  end  of  the  Kr  ion  range. 


DISCUSSION 

We  propose  two  explanations  for  the  observed  decrease  in  the  extent  of  intermixing  of  the 
SL  layers  for  samples  implanted  at  room  temperature  and  above  (see  Fig.  6):  (i)  that  the  amount  of 
ion  beam  mixing  decreases  with  increasing  temperature,  and  (ii)  that  the  radiation-enhanced 
diffusion  coefficient  is  negative  between  300  K  and  523  K. 

Although  the  amount  of  ion  beam  mixing  [5-6,8]  for  an  irradiation  is  generally  assumed  to 
be  temperature  independent,  it  is  possible  that  the  mixing  may  be  smaller  in  a  crystalline  phase 
compared  to  that  in  an  amorphous  phase.  Implantation  often  induces  an  amorphous  phase  during 
low  temperature  implants  but  not  at  higher  temperatures  where  defects  are  mobile  and 
self-annealing  occurs.  GaAs  is  known  to  behave  in  this  manner.  In  the  crystalline  phase,  the 
thermal  conductivity  is  higher  than  in  the  amorphous  phase  and.  also,  there  is  a  possibility  of 
focusing  collisions  which  dissipate  energy  from  the  displacement  cascades  at  supersonic  speeds 
Consequentially,  the  temperature  and  duration  of  the  thermal  spike  may  be  reduced,  which  would 
lead  to  less  mixing  during  the  thermal  spike  in  crystalline  samples  compared  to  ihat  in  amorphous 
samples.  Therefore,  less  disordering  would  be  observed  in  the  higher  temperature  implants,  during 
which  the  sample  remains  crystalline,  compared  to  the  lower  temperature  implants,  during  which 
the  sample  would  become  amorphous.  However,  the  authors  are  not  aware  of  any  system,  metallic 
or  semiconductor,  in  which  the  amount  of  ion  beam  mixing  has  been  shown  to  decrease  with 
increasing  temperature,  regardless  of  phase  transitions.  Nevertheless,  this  does  not  preclude  the 
possibility  Investigations  are  underway  to  compare  the  amount  of  ion  beam  mixing  for  the 
crystalline  and  the  amorphous  phases  of  GaAs  and  AlAs. 
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Fig.  6.  Arhennius  plots  illustrating  the  possible  temperature  dependence  of  the  chemical 
interdiffusion  coefficient  for  a  GaAs-ALAs  SL  sample.  In  Fig.  6(a),  the  amount  of  ion  beam  mixing 
decreases  with  increasing  temperature  due  to  an  amorphous  to  crystalline  phase  change.  In  Fig 
6(b),  the  SL  is  assumed  to  have  a  miscibility  gap  in  the  phase  diagram  which  leads  to  a  negative 
radiation-enhanced  diffusion  coefficient  for  temperature  below  the  critical  temperature. 


An  alternate  explanation  for  the  decrease  in  the  mixing  efficiency  with  increasing 
temperature  is  that  the  total  interdiffusion  coefficient. 


Dtotal  “  Dion  beam  mixing  +  Dr£d(T),  (1) 

decreases  due  to  a  negative  RED  coefficient  (see  Fig.  6).  A  negative  RED  coefficient  implies  [12] 
that  the  defect  motion  leads  to  demixing  of  the  system  rather  than  increased  mixing.  Monon  of  the 
defects  follows  gradients  in  the  chemical  potential  and,  therefore,  it  is  controlled  by  the 
thermodynamics  of  the  system,  i.e., 

1  =  D  Vp.  (2) 

where  J  is  the  defect  current  and  p  is  the  chemical  potential.  Accordingly,  a  negative  RED 
coefficient  indicates  that  the  heat  of  mixing,  AHmix,  contribution  to  the  Gibbs  free  energy  is 

positive  and  greater  than  the  entropy  contribution.  -TASmix,  thereby  resulting  in  a  higher  Gibbs 
free  energy  for  the  mixed  state  compared  to  the  demixed  state.  Since  the  GaAs-AIAs  SL  system 
completely  intermixes  [  1 3]  due  to  thermal  diffusion  above  -  1 250  K,  the  negative  RED  coefficient 
implies  the  existence  of  a  miscibility  gap  in  the  GaAs-AIAs  SL  system.  Recent  data  |14)  has 
indicated  that  Ne  irradiation  at  973  K  results  in  complete  mixing  of  a  GaAs-AIAs  SL.  Thus  the 
critical  temperature  for  the  miscibility  gap  would  be  between  523  K  and  973  K.  The  existence  of  a 
miscibility  gap  in  the  GaAs-AIAs  system  has  been  the  subject  of  several  theoretical  invesugauons, 
with  several  researchers  predicting  no  miscibility  gap  [15-16]  and  others  predicting  a  miscibility 
gap  with  critical  temperatures  ranging  |17-19]  between  59  K  and  405  K.  To  our  knowledge, 
experimental  evidence  for  a  miscibility  gap  in  bulk  AlxGa|.xAs  or  GaAs-AIAs  SL  has  not  been 
reported  prior  to  this  study.  Presumably,  this  is  because  the  critical  temperature  of  the  miscibility 
gap  is  below  973  K  and  normal  thermal  diffusion  at  these  temperatures  is  negligible.  Only  by 
enhancing  the  diffusion  coefficient  at  these  temperatures  by  irradiation  could  this  region  of  the 
phase  diagram  be  explored. 


SUMMARY 

In  summary,  we  have  studied  the  influence  of  the  sample  temperature  during  MeV  Kr 
irradiation  on  the  extent  of  compositional  disordering  in  GaAs-AIAs  SLs  to  determine  the 
possibility  of  using  RED  to  reduce  the  dose  required  to  induce  complete  intermixing  of  GaAs-AIAs 
SLs  by  ion  implantation.  The  superlattice  is  observed  to  completely  intermix  during  low 
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temperature  irradiations  where  the  mixing  is  dominated  by  ion  beam  mixing.  The  mixing 
efficiency,  however,  decreases  with  increasing  sample  temperature  above  room  temperature.  At 
523  K.  the  amount  of  disordering  is  far  less  than  at  low  temperatures,  although  evidence  for  partial 
disordering  is  still  visible.  We  proposed  two  explanations  for  the  decreasing  mixing  efficiency  with 
increasing  implant  temperature.  The  amount  of  ion  beam  mixing  may  be  less  for  the  high 
temperature  implants  for  which  the  sample  remains  crystalline  compared  to  the  low  temperature 
implants  during  which  the  sample  become  amorphous.  Alternatively,  the  decreased  mixing  may  be 
a  result  of  a  negative  radiation-enhanced  diffusion  coefficient.  The  negative  RED  coefficient 
implies  the  existence  of  a  miscibility  gap  extending  to  temperatures  above  523  K  in  the  GaAs-AlAs 
superlatrice  phase  diagram. 
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We  compare  the  operation  of  single-stripe  gain-guided  InGaAs-GaAs-AIGaAs  strained-layer 
quantum  well  heterostructure  lasers  emitting  at  wavelengths  >  1 .0  pm  to  five-element 
gain-guided  arrays  with  8  fim  stripe  width  and  center-to-center  spacings  5  from  14  to  30  /jm. 
Arrays  with  large  interelement  spacings  exhibit  a  twin-lobed  far-field  pattern  corresponding 
to  the  highest  order  supermode  with  180*  phase  shift  between  adjacent  elements.  Devices 
with  smaller  interelement  spacing  exhibit  a  single  lobe  in  the  far  field  suggestive  of  in-phase 
operation.  Pulsed  L-I  characteristics  show  kink-free  operation  of  arrays  with  S  =  1 5 
pm  to  730  mW  per  uncoated  facet  at  1.8  A. 


The  use  of  InGaAs  strained-layer  active  regions  in  the 
GaAs-AlGaAs  materials  system  has  resulted  in  the  fabri¬ 
cation  of  a  wide  variety  of  injection  lasers  with  emission 
wavelengths  in  the  range  0.9-1. 1  /im,142  including  high- 
power  arrays. 8-11  Excellent  lifetimes  for  InGaAs-GaAs- 
AlGaAs  lasers  have  also  been  achieved,3'12  and  several  dif¬ 
ferences,  mainly  advantageous,  have  been  reported  for 
these  strained-layer  devices  compared  to  their  GaAs- 
AlGaAs  counterparts.  For  example,  the  carrier-induced 
antiguide  in  gain-guided  InGaAs-GaAs-AIGaAs  strained- 
laver  lasers,  an  important  part  of  this  work,  has  been 
shown  to  be  stronger  than  for  similar  GaAs-AlGaAs  de- 
vices.13-14  In  this  letter,  we  compare  the  operation  of  single¬ 
stripe  gain-guided  InGaAs-GaAs-AIGaAs  strained-layer 
quantum  well  heterostructure  lasers  to  five-element  gain- 
guided  arrays  with  8  pm  stripe  width  and  center-to-center 
spacings  from  14  to  30  fim.  Arrays  with  large  intereiement 
spacings  exhibit  a  twin-lobed  far-field  pattern  correspond¬ 
ing  to  the  highest  order  supermode  with  180"  phase  shift 
between  adjacent  elements.  Devices  with  smaller  intereie¬ 
ment  spacing  exhibit  a  single  lobe  in  the  far  field  suggestive 
of  in-phase  operation. 

The  structures  described  in  this  work  were  grown  by 
metalorganic  chemical  vapor  deposition  (MOCVD)  at  at¬ 
mospheric  pressure  in  a  vertical  geometry  reactor  using 
trimethylindium,  trimethylgallium,  trimethylaluminum, 
and  arsine.  Silane  and  diethylnnc  were  used  for  /i-and 
p-type  dopants,  respectively.  The  structure  consists  of  a 
0.25-pm-thick  GaAs:  n  3  buffer  layer  grown  on  a  (100) 
GaAs:  n 3  substrate,  1.5-pm-thick  /i-and  p-type 
Alo  ajGaQ  i^As  confining  layers,  an  undoped  strained-layer 
quantum  well  centered  in  a  0.2-pm- thick  GaAs  carrier  col¬ 
lection  layer,  and  a  0.2  pm  GaAs:  p  3  contact  layer.  For 
the  array  with  14  pm  center-to-center  spacing,  the  active 
region  consists  of  a  70  A  Iit^Ga^As  quantum  well  with 
emission  at  1.09  pm.  Ail  other  devices  contain  a  70  A 
Ino^Ga^^As  quantum  well  and  lase  at  1.01  pm.  Standard 
photolithographic  techniques  were  used  to  pattern  oxide- 
defined  stripe  devices,  with  either  single  stripes  c~  five- 
stripe  arrays  of  8-pm-wide  stripes  with  center-to-centei 
spacing  Sof  14,  15,  or  30  pm.  After  thinning  the  wafers  to 
~  125  pm,  a  Ge/Au  contact  was  evaporated  onto  the  n 


side  and  alloyed  at  400  *C  for  10  s.  This  was  followed  by 
the  deposition  of  a  nonalloyed  Cr/Au  contact  on  the  p  side. 
The  wafers  were  cleaved  into  bars  of  cavity  length  L  =  5 10 
pm,  and  at  least  four  devices  of  each  spacing  were  tested 
under  pulsed  conditions  (1.5  ps,  2  kHz)  at  room  temper¬ 
ature  without  heat  sinking. 

The  far-field  pattern  for  a  single-stripe  device  with  a 
stripe  width  of  8  pm  and  L  —  5 10  pm  is  shown  in  Fig.  1  for 
four  values  of  drive  current.  Note  that  the  curves  are  offset 
in  the  vertical  direction  for  clarity.  As  seen  in  the  figure, 
the  far  field  consists  of  two  lobes  centered  about  the  facet 
normal  which  move  apart  as  the  current  is  increased.  This 
is  the  result  of  the  unusually  strong  index  antiguide  formed 
by  the  injected  carriers  under  the  stripe,13'15  with  leaky 
waves  on  either  side  of  the  stripe  being  responsible  for  the 
two  lobes  in  the  far  field.1416  Since  the  coupling  of  gain- 
guided  arrays17 18  occurs  via  leaky  waves  rather  than  by 
evanescent  field  coupling  as  in  index-guided  arrays,  this 
strong  antiguiding  behavior  should  enhance  coupling  of 
neighboring  array  elements.  The  inclusion  of  antiguiding  in 
the  analysis  of  gain-guided  arrays19  results  in  the  predic¬ 
tion  that  below  some  critical  spacing  (which  depends  on 
the  amount  of  antiguiding),  the  antiguiding  can  lead  to 
array  operation  in  the  in-phase  array  mode.  Above  this 
critical  spacing,  the  arrays  are  predicted  to  operate  tn  the 


FIG  I  Far-field  pattern  of  an  InGaAs-GaAs-AIGaAs  tttuned-Uyer 
gain-guided  laser  with  8  pm  stripe  width  and  a  510pm  cavity  at  1.1,  2,  3, 
and  4  times  threshold.  The  strong  andguidmg  in  these  lasers  results  in  the 
douMe-lobed  far  field. 
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FIG  2.  Far-tield  pattern  at  l.I/lh  of  a  five-element  gain-guided  array  of  8 
stripes  on  30  centers. 

highest  order  mode  with  a  180“  phase  shift  between  neigh¬ 
boring  elements. 

In  Fig.  2  we  show  the  far-field  pattern  of  a  five-element 
array  with  5  =  3 0  fim  at  1. 1  Ah-  This  twin-peaked  pattern 
suggests  operation  with  180°  phase  difference  between  ad¬ 
jacent  elements.  The  lobe  separation  of  2.2°  is  slightly 
higher  than  the  calculated  value  of  1.9°  from  diffraction 
theory.  The  lobe’s  full  widths  at  half  maximum  (FWHM) 
of  1.0°  and  1.3°  correspond  to  2.3  and  3.0  times  the  diffrac¬ 
tion  limit,  respectively.  Operation  of  the  array  in  this  180° 
phase  mode  is  similar  to  GaAs-AlGaAs  gain-guided  ar¬ 
rays,  and  is  consistent  with  the  calculations  of  Ref.  19  for 
large  element  spacing.  The  far-field  pattern  of  a  device  with 
5=14  fim  is  shown  in  Fig.  3  for  three  different  drive 
levels  above  threshold.  The  single  lobe  in  the  far  field  is 
suggestive  of  array  operation  with  all  emitters  in  phase, 
and  is  in  contrast  to  previously  reported  results  for  a  sim¬ 
ilar  ten-stripe  array  with  4  /xm  emitters  on  12  fim  centers 
which  operated  with  a  double-lobed  far  field.10  In  that  case, 
the  emitters  were  defined  by  hydrogenation,  which  limits 
the  current  spreading.  Thus  the  regions  between  stripes  are 
more  lossy  than  in  the  case  of  oxide-defined  stripes,  and  the 
hydrogenated  devices  operate  in  the  out-of-phase  mode. 
Although  sufficient  current  spreading  to  allow  operation  in 
the  in-phase  mode  is  present  in  the  devices  in  this  work, 
note  that  the  near  fields  indicate  strongly  coupled  emitters 
rather  than  a  uniformly  pumped  region  The  FWHM  of 
1.8°  at  1.25/,h  and  2.3°  at  3/,h  correspond  to  2.0  and  2.6 
times  the  diffraction  limit,  respectively.  Arrays  with  5=15 
|im  also  exhibited  a  narrow,  single  lobe  in  the  far  field. 
Operation  of  the  arrays  in  this  in-phase  mode  agrees  with 


Far  Ft«d  Angl*  (0»qrwsl 

FIG  3  Far-field  pattern  at  125.  2.  and  3/,h  for  a  five-element  gain-gutded 
array  of  8  jam  stripes  on  14  tim  centers 


FIG  4.  Far-field  pattern  at  I  I  ar.t  2/,h  of  a  single-stripe  broad-area 
device  with  50  fim  stripe  width  and  510  txm  cavity  length.  The  far  field  is 
unstable,  and  at  2/,h  has  spread  to  -  10“  FWHM 

the  calculations  of  Ref.  19  including  strong  antiguiding  for 
a  gain-guided  array  of  elements  spaced  below  the  critical 
distance. 

It  has  been  shown  that,  due  to  the  strong  coupling 
between  elements,  gam-guided  arrays  do  not  operate  as 
arrays  of  individual  emitters. IS-20-21  Rather,  the  array 
modes  are  best  described  as  modes  of  the  entire  waveguide, 
and  the  gain-guided  arrays  are  more  correctly  viewed  as 
broad-area  devices  with  perturbations  in  gain.  This  may,  in 
fact,  be  the  case  here  for  the  devices  with  5=14  fim, 
especially  given  the  strong  antiguiding  present  in  the  indi¬ 
vidual  8  fim  stripe  devices  (Fig.  1)  which  leads  to  very 
strong  coupling  of  the  elements;  however,  there  are  differ¬ 
ences  between  the  operation  of  these  arrays  and  broad-area 
devices.  The  far-field  pattern  of  a  single-stripe  device  with 
w  =  50  fim  is  shown  in  Fig.  4  for  two  drive  levels.  The 
transverse  modes  of  such  broad-area  devices  are  typically 
unstable,  due  in  part  to  the  tendency  to  lase  on  filaments. 
This  is  seen  in  Fig.  4,  where  the  far-field  pattern  is  unstable 
with  drive  current,  and  at  2/lh  the  far  field  has  spread  to 
—  10°  FWHM.  In  comparison,  the  FWHM  of  the  array  in 
Fig.  3,  with  a  similar  total  width  (64  fim),  is  only  2.3°  at 
3/th.  Clearly,  the  stability  of  the  far  field  is  much  greater  for 
the  array  than  for  the  broad-area  single-stripe  device  The 
L-I  characteristics  for  a  w  =  50  fim  device  and  for  an  array 
with  5=15  fim  are  plotted  in  Fig.  5.  The  array  operated 
with  a  kink-free  characteristic  up  to  the  limit  of  our  cur¬ 
rent  source,  emitting  730  mW  per  uncoated  facet  at  1.8  A. 
In  contrast,  the  single-stripe  device  characteristic  is  non¬ 
linear  with  the  appearance  of  several  kinks.  These  charac¬ 
teristics  are  typical  of  all  array  spacings  and  single-stripe 
devices  tested.  Although  the  arrays  of  closely  spaced 
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FIG  5  Power  vs  current  characteristics  of  a  50-^m-wtde  single-stripe 
device  and  a  five-element  gain-guided  array  of  8  ;im  stripes  on  15  ;im 
centers.  These  plots  are  typical  of  all  single  stripe  and  arrays  tested 
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stripes  with  leaky  modes  seemingly  approach  broad-area 
device  behavior,  the  improved  stability  of  the  far  field  and 
the  linearity  of  the  L-I  characteristic  are  evidence  of  the 
superior  performance  of  the  arrays. 

In  summary,  arrays  with  8  /um  stripe  widths  and  large 
spacing  (S  =  30  /am)  exhibited  a  twin-peaked  far-field  pat¬ 
tern  corresponding  to  the  highest  order  supermode  with 
180'  phase  shift  between  adjacent  elements.  Devices  with 
smaller  spacing  (5=14  and  15  ;um)  exhibited  a  single  lobe 
in  the  far  field  suggestive  of  in-phase  operation.  Pulsed  L-I 
characteristics  showed  kink-free  operation  of  arrays  with 
5=15  /am  to  730  mW  per  uncoated  facet  at  1.8  A.  The 
far-field  pattern  and  the  linearity  of  the  L-I  characteristic 
of  the  in-phase  arrays  were  superior  to  those  of  single¬ 
stripe  broad-area  devices  with  widths  similar  to  the  total 
array  width. 
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In-phase  operation  of  high-power  nonplanar  periodic  laser  arrays 
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The  transformation  of  nonplanar  periodic  laser  array  modes  from  weakly  locked  out-of-phase 
to  locked  in-phase  operation  is  investigated.  A  comparison  study  of  near-field  and  far-field  patterns 
is  made  for  devices  with  differing  mesa  widths  and  heights.  Data  are  presented  which  show 
that  the  mesa  height  and  width  can  be  adjusted  to  force  in-phase  operation.  An  array 
of  19  elements  shows  an  essentially  single-lobed  far-field  pattern  centered  at  0°  with  full  width 
at  half  maximum  of  1.6°,  to  output  powers  of  more  than  500  mW/uncoated  facet. 


Recently  there  has  been  considerable  interest  in  devel¬ 
oping  high-power  arrays1'5  which  may  be  used  in  such 
applications  as  pumping  of  solid-state  lasers,  long  distance 
communication,  lidar,  high-speed  modulation,  and  optical 
recording.  In  many  applications,  the  optical  output  power 
needs  to  be  a  nearly  diffraction  limited  single-lobed  beam. 
However,  coherent  semiconductor  laser  arrays  typically 
operate  with  each  element  locked  out  of  phase  which  leads 
to  a  double-Iobed  far-field  pattern.  Several  array  structures 
including  leaky  waveguide  arrays,3  Y-coupled  arrays,16'' 
diffraction-coupled  arrays,8  and  offset  stripe  arrays9  have 
been  developed  which  txhibit  stable,  single-lobed  far-field 
patterns.  However,  in  general,  these  methods  require  some 
combination  of  multiple  growths  and  sophisticated  or  com¬ 
plex  processing.  We  report  in  this  letter  a  relatively  simple 
procedure  to  obtain  high-power,  in-phase  operation  of 
wide  aperture  laser  arrays  which  require  only  simple  pro¬ 
cessing  and  a  single  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD)  growth  Index-guided  laser  structures 
grown  on  patterned  substrates10  can  be  formed  into  high 
power,  wide  aperture  laser  arrays1112  made  possible  by  the 
incorporation  of  a  nonpiaiiai  active  region  in  the  form  of  a 
regular  pattern  of  mesas  and  grooves  to  suppress  lateral 
lasing  and  amplified  spontaneous  emission.  We  have  inves¬ 
tigated  the  characteristics  and,  in  particular,  the  far-field 
pattern  of  devices  with  various  mesa  heights  and  widths. 
By  varying  the  width  and  the  height  of  the  mesas,  we  are 
able  to  transform  the  array  elements  from  being  weakly 
locked  out  of  phase  to  being  locked  in  phase.  Conse¬ 
quently,  we  obtain  a  single-lobed  far-field  pattern  from  the 
laser  array.  Stable,  near-diffraction-limited  operation  is  ob¬ 
tained  to  over  five  times  threshold  with  more  than  500 
mW/per  facet  of  optical  power  for  devices  150  pm  wide 
and  380  /am  long. 

The  laser  device  configuration  utilized  for  this  study  is 
similar  to  nonplanar  periodic  laser  arrays  reported  previ¬ 
ously  1011  The  laser  structure  is  an  AlGaAs-GaAs  graded 
barrier  quantum  well  heterostructure  with  a  50  A  quantum 
well  grown  by  MOCVD.  The  first  step  in  forming  the  array 
is  wet  chemical  etching  of  a  periodic  pattern  of  mesa 
stripes  into  a  GaAs  substrate.  We  have  investigated  devices 
with  shallow  and  deep  mesas  (0.3  /im  and  0.6  p m  etch 
depth  respectively )  as  well  as  wiue  and  narrow  mesas  (31 
/am  and  2  /am  width  at  the  active  region,  respectively)  The 
center-to-center  spacing  between  mesas  was  kept  constant 


at  8  /am.  Following  etching,  the  devices  are  completed  by  a 
single  MOCVD  growth  of  the  entire  laser  structure  and 
contact  metallization.  In  selected  devices,  1 50-/am-wide  ox¬ 
ide  defined  stripes  were  incorporated  in  order  to  accurately 
control  the  width  and  therefore  the  number  of  elements  of 
the  device.  A  schematic  of  the  array  structure  and  a  scan¬ 
ning  electron  micrograph  of  the  cross  section  are  shown  in 
Fig.  1  of  the  narrow,  shallow  mesa  array.  The  MOCVD 
growth  on  a  corrugated  substrate  forms  a  nonplanar  active 
region  which  provides10  11  definition  of  the  individual  emit¬ 
ters  of  the  array,  formation  of  a  step  in  the  effective  index 
of  refraction  for  stable  mode  operation,  and  suppression  of 
the  lateral  lasing  and  the  amplified  spontaneous  emission, 
thereby  allowing  high-power  operation  of  wide  aperture 
devices. 

As  reported  previously,12  the  far-field  patterns  of  de¬ 
vices  with  wide,  deep  mesas  are  very  broad  and  double 
lobed.  In  order  to  determine  the  parameters  which  lead  to 
the  transformation  from  weakly  locked  out-of-phase  to  sta¬ 
ble  in-phase  operation,  we  compared  the  far-field  pattern  of 
devices  with  different  widths  and  heights  of  the  mesas.  For 
the  comparison,  the  length  and  the  width  of  the  devices 
were  kept  relatively  constant  at  380  and  560  /im.  respec¬ 
tively.  Figure  2(a)  shows  the  far-field  pattern  for  a  non¬ 
planar  laser  array  with  mesas  0.6  pm  high  and  3. 1  pm 
wide.  The  far-field  pattern  consists  of  two  broad  lobes  at 
approximately  ±  10°.  The  full  width  at  half  maximum 
(FWHM)  for  each  is  ~  12°  with  no  null  at  0°.  These  pat¬ 
terns  indicate  that  the  emitters  of  the  device  are  weakly 
locked  out  of  phase  In  the  far  field  of  the  wide  (3  1  pm), 
shallow  (0.3  pm)  mesa  devices  we  observe  a  reduction  of 
the  width  of  the  lobes  as  shown  in  Fig.  2(b).  The  far-field 
pattern  is  also  double  lobed  with  a  narrower  FWHM 
(  —5°)  for  these  devices  and  the  minimum  at  zero  is  more 
pronounced.  For  narrow  (2  pm),  shallow  (0.3  pm)  mesa 
devices  the  far-field  pattern  narrows  to  a  predominantly 
single-lobed  pattern.  The  FWHM  for  the  main  lobe  is  2.2° 
with  sidemodes  spaced  at  5. 8-6.0°  as  shown  in  Fig.  2(c) 

By  reducing  the  mesa  width  at  the  active  region  from 
3.1  to  2  /im  and  reducing  the  etch  depth  to  only  0.3  pm. 
the  far-field  pattern  switches  from  being  a  d  luble-lobed 
pattern  to  a  sharply  peaked  single-lobed  pattern  as  seen  in 
Fig.  2.  Limiting  the  number  of  elements  to  nineteen  with 
150  pm  oxide  defined  stripes  further  reduces  the  FWHM 
of  the  far-field  pattern  to  1  6°  as  shown  in  ^ig.  3.  Although 
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FIG  1.  Schematic  and  scanning  electron  micrograph  image  of  the  cross 
section  of  a  nonplanar  periodic  laser  array  The  nonplanar  active  region 
inhibits  lateral  rasing  and  amplified  spontaneous  emission  while  still  pro¬ 
viding  the  necessary  coupling  and  gam  for  phase-locked  operation  The 
mesa  width  is  3  /mi  at  the  substrate  and  narrows  to  2  urn  at  the  active 
region  The  cenler-to-center  spacing  between  mesas  is  X  jirtt 

this  is  approximately  (bur  to  five  times  the  diffraction  limit, 
it  is  more  than  a  factor  of  15  smaller  than  the  diffraction 
limit  expected  for  a  single  element  The  broadening  of  the 
main  lobe  is  likely  due  to  the  simultaneous  operation  of 
several  lower  order  modes  and  incomplete  locking  of  the 
phase  over  all  the  elements  in  the  array  which  may  arise 
due  to  processing  variations  across  the  wide  device  The 
average  threshold  current  density  of  the  tn-phase  arrays  is 


FIG  3  Fur-tield  patterns  tor  nonplanar  laser  arrays  with  a  cavity  length 
of  -  380  gm  and  width  of  150  urn  at  live  times  threshold  The  width  of 
ihe  mesas  is  2  ion  at  the  active  region  and  the  height  of  the  mesas  is  0.3 
jim  The  far-tield  patterns  is  essentially  single  lohed  with  a  FWFIM  of  1  P 
for  output  powers  of  more  than  5tX)  mW 

264  A/cm'  and  the  average  external  efficiency  is  33G-.  We 
obtained  in-phase  operation  at  nearly  the  diffraction  limit 
to  over  five  times  the  threshold  current  and  over  500  mW 
of  optical  power  per  uneoated  facet.  We  do  not  observe 
significant  broadening  of  the  far  field  with  increasing  in¬ 
tensity  to  over  500  mW  indicating  that  the  optical  mode 
pattern  is  very  stable. 

To  determine  the  dominant  mechanisms  for  the  dif¬ 
ferent  device  structures  discussed  above,  we  examined  the 
near-field  properties  of  the  devices  As  previously  re¬ 
ported.'"11  two  emission  spois  are  observed  on  each  mesa 
of  the  wide,  deep  mesa  devices.  This  characteristic  is  also 
observed  for  the  wide,  shallow  mesa  and  the  narrow,  shal¬ 
low  mesa  devices.  Although  there  is  some  evidence  that  the 
emission  pattern  on  the  mesa  is  that  of  a  first-order  mode.1' 
an  alternative  explanation  is  that  a  localized,  fundamental 
mode  forms  near  each  edge  of  the  mesa.  We  have  per¬ 
formed  passive  waveguide  measurements  on  the  wide,  deep 
mesa  devices  which  support  the  two  localized  modes  the¬ 
ory  For  a  TEM,*,  mode  beam  launched  into  a  mesa,  the 
transmitted  intensity  profile  consists  of  two  spots  near  the 
edge  of  the  mpsa  as  is  also  observed  In  t he  near-field  pro¬ 
files  of  the  device  when  lasing.  If  the  mesa  consists  of  a 
single  waveguide,  then  the  passive  waveguide  measure¬ 
ments  should  have  resulted  in  a  single,  fundamental  mode 
detected  near  the  center  of  the  mesa  Further  evidence 
supporting  ihe  two  localized  modes  per  mesa  theory  is  a 
recent  report 11  which  indicates  that  structurally  induced 
strain  effects  in  AlGaAs-GaAs  rib  waveguide  lasers  yield 
two  localized  modes  on  the  nb.  one  near  each  edge  of  the 
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f  IG  2  Far-held  patterns  fur  nonplanar  laser  arravs  with  a  cavils  length  >t  *Xt)  u m  ami  width  o|  5hO  //m  he  a  >  .1  dewc  with  mesas  11  b  urn  high  ami 
*  I  ;itn  wide  having  1  doubled- lohed  far-held  pattern  with  a  I’WUM  of  -  12°.  ■bj  a  wide,  shallow  o)  »  uni  1  mesa  device  m  which  die  phase  locking 
between  -.’miners  becomes  stronger  but  die  tar  Meld  is  still  double  lohed.  iml  'e.  .1  dev  lee  having  .1  narrow  mesa  2  .<m  1  .md  a  ()  ;  urn  mesa  height 
showing  in  essentially  single-lobeil  tar-field  pattern  with  a  I  WHM  t  2  2 


1  14 


1  1  -l 


Aopl  Phys  Lett  7oi  SQ.  No.  2  14  January  1991 


Bryan  et  ai 


rib  As  a  consequence  of  the  proximity,  the  two  modes  are 
expected  to  be  phase  locked;  however,  they  may  be  locked 
in  phase  or  out  of  phase  depending  on  which  configuration 
has  the  highest  gain.  Previous  reports12  on  the  wide,  deep 
mesa  devices  have  noted  that  the  emission  intensity  be¬ 
tween  the  mesas  is  substantially  reduced  compared  to  the 
emission  from  on  top  of  the  mesas.  From  the  near-field 
patterns  of  the  shallow  mesa  devices,  strong  emission  in¬ 
tensity  was  detected  between  the  mesas.  These  data  indi¬ 
cate  that  there  is  greater  spreading  of  the  fields  in  the 
shallow  mesa  devices  compared  to  deep  mesa  devices  and  a 
corresponding  greater  coupling  between  elements.  The 
very  broad  but  double-lobed  far-field  emission  pattern, 
shown  in  Fig.  2(  a).  for  the  wide,  deep  mesas  indicates  that 
the  two  emission  spots  on  the  mesas  are  locked  out  of 
phase  and  that  the  coupling  between  the  mesas  is  weak. 
The  out-of-phase  operation  of  the  spots  on  top  of  the  mesa 
indicates  that  the  region  of  the  mesa  between  the  emission 
spots  has  low  gain,  possibly  resulting  from  carrier  diffusion 
from  the  center  to  the  edges  of  the  mesa.14  The  lack  of 
significant  emission  from  the  grooved  region  indicates  that 
this  is  also  a  low  gain  region.  For  this  configuration  the 
out-of-phase  mode  will  have  higher  gain  than  the  in-phase 
mode.  For  the  wide,  shallow  mesas  the  two  fundamental 
modes  on  the  mesas  are  still  expected  to  be  locked  out  of 
phase.  However,  for  these  devices  there  is  stronger  cou¬ 
pling  between  each  mesa.  Evidence  of  the  coupling  between 
the  mesas  is  the  presence  of  the  far-field  lobes  at  ±  6°  which 
indicates  sources  or  a  pair  of  sources  on  8  gm  centers. 
Also,  the  FWHM  of  the  lobes  is  narrower  due  to  the  strong 
coupling  between  the  mesas  as  seen  in  Fig.  2(b).  Finally, 
for  the  narrow,  shadow  mesa  devices  we  expect  the  two 
fundamental  modes  on  the  mesas  to  be  strong,  as  in  the 
case  of  the  wide,  shallow  mesa  devices.  The  high  emission 
intensity  between  the  mesas  suggests,  however,  that  there  is 
significant  gain  in  this  region.  The  near-field  patterns  show 
that  there  are  lasing  spots  spaced  approximately  4  ^m 
apart  on  both  the  mesas  and  grooves  for  this  structure. 
These  spots  may  lase  in  phase  or  out  of  phase  depending  on 
which  mode  has  the  higher  overall  gain.  The  far-field  pat¬ 
tern  for  these  devices  corresponds  to  emitters  operating  in 
phase  spaced  4  gm  apart  as  shown  in  Fig  2(c).  This  in¬ 
dicates  that  the  in-phase  mode  has  a  higher  gain  for  this 
structure  The  behavior  of  the  narrow,  shallow  mesa  de¬ 
vices  is  similar  to  that  of  broad-area  devices  which  operate 
with  in-phase  coupled  filaments;1'  however,  the  periodicity 
in  our  devices  is  explicitly  controlled  by  built-in  variations 
in  the  lateral  index  of  refraction  profile  rather  than  carrier 
diffusion.  Although  the  beam  was  not  diffraction  limned, 
we  found  that  by  reducing  the  number  of  emitters  (  Fig.  3) 


we  more  closely  approached  the  diffraction  limit  as  ex¬ 
pected  since  the  intermodal  discrimination  should  be  in¬ 
versely  proportional  to  the  number  of  emitters.1'1  Of 
course,  processing  variations  across  the  device  and  strong 
but  incomplete  coupling  between  the  mesas  also  contribute 
to  broadening  of  the  beam. 

In  summary,  we  have  demonstrated  nonplanar  peri¬ 
odic  laser  arrays  which  do  not  require  sophisticated  pro¬ 
cessing  or  multiple  growths  but  which  operate  with  a 
nearly  diffraction  limited  single  beam  to  over  500  mW  of 
optical  power  for  devices  150  fim  wide  and  380  yam  long. 
By  comparing  the  far-field  patterns  of  several  devices  in 
which  the  width  of  the  mesas  and  the  depth  of  the  wet 
-hemical  etch  were  varied,  we  found  that  reducing  the 
mesa  width  and  depth  transforms  the  devices  from  operat¬ 
ing  weakly  locked  out  of  phase  to  locked  in  phase  These 
devices  hold  great  promise  for  use  in  applications  such  as 
optical  recording  and  communication  where  high-power 
single  beams  are  necessary  and  where  the  advantages  of 
minimal  processing  are  attractive. 

This  work  has  been  supported  in  part  by  SDIO/IST 
( DAAL03-69-K-0080).  the  Naval  Research  Lauoratory 
( N00ul4-88-K-2005 ),  and  the  National  Science  Founda¬ 
tion  Engineering  Research  Center  for  Compound  Semicon¬ 
ductor  Microelectronics  ( ECD  84-43166)  R.  P.  Bryan  is 
supported  in  part  by  an  AT&T  Doctoral  Fellowship. 

D  F  Welch.  P  S.  Cross.  D  R  Scilres.  W  Stretter.  and  R.  D  Burn 
ham.  Appl.  Phys  Lett.  49.  I6'2  (  19X6) 

F  Zhao.  G  Du.  X  Zhang,  and  D  Gao.  J  Xppl  Pins.  66,  spy1 
(  1^X9) 

P  Botez.  L.  Mawst.  P  Havas), ida.  G  Peterson,  and  T  1  Roth.  Appl 
Phys  Lett  53.  464  i  19881. 

"D  R  Scil'res.  R.  D.  Burnham.  C  Lmdstrdm,  W  Si-eiler.  and  T  L 
Paoli.  Appl.  Phys  Lett  42.  645  (19X3) 

Tl  Tcmkin.  R  A.  Logan.  J  P  van  der  Ziel.  C  L  Reynolds.  Jr  and  S 
VI  Fharaldsen.  Appl  Phys  Lett.  46.  46."  i  19X51 
"K  I.  Chen  and  S  Wane.  Electron  Lett.  21.  347  ,  |OX5, 

D  F  Welch.  P  Cross.  D  R  Scilres.  W  Streiler,  and  R  D  Burnham. 
Elect ron  Lett  22.  293  (  pish' 

')  Katz.  S  Margaht.  and  A  Yarn.  Appl.  Phys  Leu  42.  554  ■  10X3 1 . 
F.  Kapon.  C  P  Lindsey.  J  Katz.  S  Margaht.  ind  •  Yarn.  Appl. 
Phys  Le  i  45.  200  '  19X4  i 

D  R  Scilres.  ‘.  D  Burnham,  and  W  Streiler.  Electron  l  elt  IX.  549 
i  1 9  s'  2 ) . 

C  '  Zmudzinski.  M  E.  Givens.  R  P  Bryan,  and  J  J  Coleman.  Appl. 
Phys  Lett  53.  350  I  19XX). 

'C  A  Zmudzinski.  VI  F  Givens.  R  p  Bryan,  and  J  J  Coleman.  IEEE 
J  Quantum  Electron  QF-25  IQO  ,  |ux9i 
Vt  Zediker  funpuhhshed  data ' 

‘S  VI  Lee.  S  -L.  C”  uang.  R  P  Bryan,  and  J  J  Coleman.  IEEE  J 
Quantum  Electron  (m  press) 

D  Mehuvs  R  J  l  .,ng.  M  Vtiiielsicin.  J  Sal/man.  ami  \  Yarn.lFFE 
J  Quantum  Electron  QI  23  I‘l0o  ,  ] as  '  ' 

*’J  K  Butler.  t.  AcQe1,.  md  D  Hole/.  Xppl  Pins  Loti  44.  29'' 

1 9X4) 


ENi> 


AdoI  Phys  c ott  vol  58  No  2  M  January  *991 


